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1.0 INTRODUCTION

We have defined a $16 million program of Supporting Research
and Technology (SRT) designed to minimize risk and maximize con-
fidence in developing a space transportation system that meets
the performance, cost and schedule goals established during this
study contract.

All TUG technology requirements were carefully examined and
studied by our study team technical staff with full support of
technology specialists from the R&D department. The SRT element
of low-cost, low-risk hardware development to meet the require-
ments of the TUG system concerned during this study was identified
by this team of technical experts.
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Main Engine (GFE)
(Information from Joe Mellish ALRC Tug Study Manager)
Task Title: Long Life Turbo Pump Assembly SRT No, P-1
This program would evaluate long life effects on the TPA in
such areas as bearings and seals. Hardware would be built and

tested.

Duration: 15 months
Cost: $1.0 M

Task Title: Demonstration of Engine Restart Capability with
Mission Duty Cycle SRT No. P-2

Engine hardware would be built and tested to evaluate items
such as heat soak back after main engine burn, cold orbit soak,

hot orbit soak, etc.

Duration: 18 months
Cost: $1.5 M

Task Title: High Area Ratio Nozzle Performance SRT No. P-3
The program would involve the testing of high area ratio
nozzles in the size and thrust level required for Tug to verify

performance,

Duration: 12 months
Cost: $1.0 M

Task Title: Engine Life, Maintenance, and Refurbishment
SRT No. P-4

Study and evaluate the effect of long life, maintenance, and
refurbishment on engine design and performance.

Duration: 8 months

Cost: $200 K
/s8/ W, E, Pipes III
W. E. Pipes
Dept. 1663, Ext, 3511
Approved: /s/ R. VandeKoppel

R. VandeKoppel
Dept. Manager
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Main Propulsion System SRT No. P-5

Task Title: Evaluation of Inspection, Cleaning and Maintenance
Procedures for Space Tug MPS Propellant Management Device

Statement of Problem: The Space Tug is to be a highly maneuver-
able, reusable spacecraft which has a long service life of up to
10 years. The reusability requirements emphasize the need for
all subsystems to be easily inspected and to be as maintenance
free as possible,

The MPS Propellant management device (PMD) which utilizes fine
mesh screens must be capable of meeting these requirements., The
baselined PMD is a trap type device which can be removed to be in-
spected and cleaned after periodic usage. Because of the fine
mesh screens, plugging of the PMD is a potential problem. Any
reduction in flow area due to plugging could degrade the perfor-
mance of the PMD, Procedures for cleaning any contaminated device
must be established. Also, techniques for verifying the integrity
of the PMD screens must be developed.

Objective: The objective of this task is to establish inspection,
maintenance, and cleaning procedures for the MPS propellant manage-
ment device.

Approach: After the PMD design has been established, a prelimi-
nary evaluation of the inspection, maintenance and cleaning re-
quirements and procedures will be conducted. Information will
be compiled on cleaning and acceptance procedures used on opera-
tion vehicles such as Apollo, Transtage, Agena, etc., keeping in
mind that these vehicles are not reusable. The preliminary pro-
cedures will be modified as required to take advantage of exist-
ing hardware, techniques and procedures developed under previous
programs. The finalized procedures will then be verified through
ground tests using the prototype PMD which will be built under a
related fabrication technology task.

The ground tests will include flow tests that will establish that
the PMD screens have not been clogged or damaged in any way. The
tests will measure pressure drop versus flowrate for an accep-
table, clean PMD and any deviation from the accepted curves would
indicate contaminated or damaged screens. Procedures for cleaning
and handling the PMD screens will be verified. Also, procedures
for minus lg outflow tests and screen bubble point tests will be
verified and incorporated into a flight-readiness manual.
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Months from Task Go-Ahead
2 3 4 5 6 7

Schedule:

Task Milestones 1

1. PMD Design Complete

2. Preliminary Evaluation of
Procedures for Inspection,
Maintenance and Cleaning

3. Review and Compile Related
Information from Previous
Programs

4, Preferred Procedures
Selected

5. Prototype PMD Ready for
Test

6. Ground Test Program

7. Final Report

Budget: Manpower - 12 manmonths

Material & Hardware - $1K
Facilities:

Approved:

Engineering Propulsion Laboratory

/s/ G. Robert Dage

G. Robert Dage
Dept. 1662, Ext. 3809

/s/ R. W. VandeKoppel

R. W. VandeKoppel
Manager
Propulsion ER&D
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Main Propulsion System (MPS) SRT No. P-6

Task Title: Propellant Management Device Evaluation for Space
Tug MPS

Statement of Problem: A surface tension device has been selected
as the propellant management system for the Space Tug MPS, but
very little work has been done to identify the specific type and

. configuration surface tension device to be used. A device needs

to be selected, designed and evaluated with respect to the mission
criteria.

Objective: The objective of this task is to select a surface
tension device for the fuel and oxidizer tanks of the Space Tug
MPS which will satisfy the mission requirements, design the de-
vices and evaluate their performance. Emphasis will be placed

on performance, weight and reusability. The design will be carried
to the point at which engineering drawings of the devices, show-
ing fabrication details, can be accomplished as part of this task.
A development plan detailing the effort required to continue this
task through to fabrication of a flight qualified device would be
provided, Using these designs, a prototype device will be built
and tested under other related Space Tug technology tasks.

Approach: The approach for this task is outlined in the follow-
ing steps:

1. Collect spacecraft and mission criteria applicable to the
design of the surface tension device for the MPS., This effort
will be primarily aimed at defining the expected acceleration
environment for the entire mission. Other system require-
ments such as propellant off-loading, emergency dump, etc,
will also be established.

2, Various candidate surface tension devices, which appear to be
capable of satisfying the mission requirements, will be iden-
tified. For this application, trap type devices appear to be
the best suited, so the candidates will be various forms of
refillable and non-refillable traps. A preliminary evalua-
tion of their capabilities will be accomplished. From this
evaluation, the most promising concept will be selected.

3. A detalled analysis of the selected system will be accom-

plished. 1Its performance and capabilities will be optimized.
The operation of the device throughout the mission will be
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evaluated to insure it has adequate design margins. Sizing

of the trap reservoir, selection of the screen materials and
the configuration of the flow annulus will be the primary areas
to be analyzed.

4, TFactors such as reusability, modular installation, reliability,
loading, handling and compatibility will be evaluated to in-
sure that the device will satisfy the multiple reuse require-
ments.

5. The structural design and fabrication of the device will be
evaluated. The objective will be to provide sufficient struc-
tural strength, while minimizing weight. Results from the
related fabrication technology task will be implemented. An
engineering drawing, showing the fabrication details, will
be made.

6. A development plan, presenting the effort necessary to con-
tinue the development of the device through to flight quali-
fied hardware, will be written. Any necessary development
testing will be identified.

Schedule: 4 months of effort with a final report.

Budget: 5 manmonths, 1 hour computer time.

Facilities: None required.

/s/ G. Robert Page

G. Robert Page
Dept. 1662, Ext. 3809

Approved: /s/ R. W. VandeKoppel
R. W. VandeKoppel
Manager
Propulsion ER&D
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Main Propulsion System ‘ SRT No. P-7

Task Title: Evaluation of Propellant Utilization System for
Space Tug MPS

Statement of Problem: Controlling propellant residuals in the
MPS is considered a critical problem in minimizing weight penali-
ties for Space Tug. In order to minimize propellant residuals,

an accurate and reliable propellant utilization (PU) system must
be used that includes a propellant quantity gaging system and
necessary control electronics. In addition to minimizing resi-
duals, the PU system must be capable of providing the required
mixture ratio control during MPS engine operation. Further, the
propellant mass gaging system has to accurately measure propellant
quantities during loading and outflow.

Objective: The objective of this task is to evaluate and select
the preferred PU system for the Space Tug MPS oxidizer and fuel
tanks.,

Approach: The gaging requirements of the Space Tug will be deter-
mined and transposed into hardware requirements of the gaging
system. With these requirements in mind an existing literature
search will be updated to evaluate recent developments in the
state-of-the-art, Vendors of hardware that appear to meet Tug
requirements will then be contacted with the objective of visit-
ing those with the most promising hardware for demonstrations.

The types of equipment that will be investigated are both point
sensors, which may be required for accurate loading and/or up-
dating the output data from a less accurate continuous gaging
system, and continuous sensors. Also, systems that give a direct
indication of propellant quantity and indirect or inferential
systems will be investigated. In addition to gaging systems as
such, other methods of meeting the gaging requirements will be
investigated such as '"inventory keeping' wherein the total
quantity of propellant expelled is determined by integrating flow-
meter output, or other means, so that the propellant remaining
can be calculated.

. It is felt that the various vendors have sufficient development
results and data available to allow the selection of the preferred
system. Following this selection, two prototype systems for the
oxidizer and fuel tanks would be obtained for verification and
acceptante tests,
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Schedule:
Months from Task Go-Ahead
Task Milestones 1 2 3 4 5 6 7 8

1, Identify Space Tug PU
Requirements

. Literature Search Update

. Vendor Contacts

2
3

"4, Vendor Hardware Evaluation
5

. Final Evaluation and
Selection

6. Final Report —

Budget: Manpower - 12 manmonths
Trips - 4 trips/2 men/ 2 days each
Facilities: None

/s/ G. Robert Page

G. Robert Page
Dept. 1662, Ext., 3809

Approved: '/s/ R. W. VandeKoppel

R. W. VandeKoppel
Manager
Propulsion ER&D
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Propulsion (Main) | SRT No. P-8
Task Title: Propellant Dump Technology
Statement of Problem: In order to assure that Tug will be capable
of successfully dumping its residual main tank propellants prior

to returning to the orbiter cargo compartment or during orbiter
descent, several preliminary tasks are warranted.

The primary goal of a successful propellant dump must be to pre-

vent any propellant from contacting surfaces of Tug or of the

orbiter. Any propellant so deposited is a source of potential .
chemical attack, or of hypergolic reaction should both propellants

be present. Hypergolic reaction in the vicinity of the Tug or

orbiter is also a potential hazard., The factors which influence
deposition and dispersion should be analyzed, and orderly design
criteria established through the development of models and pre-
liminary test activity in order that the proper factors may be
integrated into Tug design from the outset.

Objective: To develop technology to assure that Tug design may
incorporate propellant dump capabilities during its mission pro-
file without jeopardizing Tug or orbiter effectiveness, relia-
bility, reuseability or safety.

Approach: Task I - Develop or modify a computer model to predict
dispersion patterns of propellant vents, based on specific pro-
pellants and vent exit conditions (temperature, pressure, direc-
tion, velocity, rotational energy, solar energy, vent time, alti-
tude).

Tagsk II - Determine the probability of electrostatic influence on
dispersal pattern due to the venting commodity exhibiting elec-
tron loss. If it is determined that this is a significant item,
particularly under orbit conditions, it must be incorporated into
model of Task I.

Task III - Using Task I results, perform conceptual and sketch
design of a nonpropulsive vent which incorporates all desirable
characteristics, '

Task IV - Build and test a scale model of the vent resulting from
Task III,
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Task V - Experimentally determine rhe effects of residual pro-
pellants and reaction products on candidate Tug and orbiter sur-
face materials when exposed to vacuum conditions.

Task VI - Need for propellant dump creates a criteria for pro-
pellant management screens, Assure that criterion is input.

Schedule: Approximately 12 months.
Budget: Labor = 30 mm

Material = $5K

Computer Time = 5 hours, CDC 6400

Facilities: None

/s/ B. Chall
B. Chall
Dept. 1664, Ext. 3346

/s/ R. W. VandeKoppel
R. W. VandeKoppel
Manager
Propulsion ER&D
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Propulsion (Main) ' SRT No. P-9
Task Title: Propellant Compatibility and Corrosion

Statement of Problem: Data is available on short term compatibi-
lity of the three propellants - hydrazine, monomethylhydrazine,

and nitrogen tetroxide, with a number of propulsion system con-
struction materials and for long term static storage of nitrogen
tetroxide in Titan II tankage materials., This data will be use-
ful in selection of Tug construction materials but once these
materials are selected they must be subjected to long term compati-
bility testing. Special emphasis must be placed on testing bi-
metallic joints proposed for use on Tug because the electrochemical
corrosion induced by these joints is often sufficiently slow that
no problem is observed in missions of short duration but on long
duration missions and with reuse the slow acting corrosion can
weaken parts to failure.

Special attention must be directed at problems arising from reuse.
All three propellants absorb moisture from the air increasing
thelr corrosion potential. The hydrazine fuels also absorb carbon
dioxide to produce a very corrosive substance, carbazic acid.
Investigations of the effects of exposure of a system containing
post-use residual propellant to air will be required. These will
involve examination of the potential of air exposure in causing
harmful corrosion to structural components and the nature and
quantity of sludge-like deposits produced.

This compatibility testing should also be directed toward an exam-
ination of the consequences of propellant contact with the exterior
surfaces of propulsion hardware since multiple reuse greatly in-
creases the change of spillage during refueling. This will include
propellant in ambient air contact effect on composite materials
such as glass, boron, graphite or PRD 49 filaments bound by epoxies,
polyesters, polyimides, etc.

Objective: The objective will be to provide data suitable for
selection of the best possible materials for use in construction
of the Space Tug. This will include test data on materials used
in direct contact with the three propellants, bimetallic joints
required and the effects of air contamination on these materials
when wet with propellants. Data will also be generated regarding
the combined synergistic effect of air and propellants on the
exterior surfaces of propulsion system components.
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1. Tankage materials and joints will be immersed in the appro-
priate propellant and test articles tested for the following:

A, Fuels
1) propellant decomposition;
2) propellant contamination;
3) material corrosion;
4) sludge buildup;
5) effects of alr exposure; and
6) special cleaning procedures.

B. Oxidizer

1)
2)
3)
4)
5)

corrosion of materials;
contamination of propellants;
sludge buildup;

effects of alr exposure; and

special cleaning procedures.

2. Exterior surfaces will be subjected to exposure to propellant
in the presence of moist air and test articles tested for the
following:

A. Effect of contact and contact time on surface finish,
strength, and flexibility.

B. Methods of detection of these effects.

C. Methods of decontamination of surfaces and their effects.
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Schedule:
Task Milestones 1{2|314(5)6]71819}]10]11

Prepare & setup immersion
test samples

Fuel Decomp. .

Test effects of air contact

Test special cleaning
- procedures

Test immersion samples for

Sludge

Corrosion

Propellant Contamination

12

Exterior effects

Methods of detection

Contact effects"

Methods of Decontamination

13

14

Final Report

15

16

Budget: Total program 15 months, 45 manmonths (Unburdened)

8 test engineers (immersion)
6 analytical chemists
8 test engines (exterior exposure)

_6 materials scientists

28

17 technicians

45 manmonths

Facilities: Propulsion Engineering Laboratory; Propulsion

Chemistry Laboratory; Materials Testing Laboratory. No new
facilities or equipment required,

/s/ L. 0, Williams

| L. 0. Williams
| : Dept. 1664, Ext, 3829

Approved: [s/ R. W, VandeKoppel

| _ _ R. W, VandeKoppel
: . Manager
Propulsion ER&D
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Main Propulsion System SRT No. P-10

Task Title: RCS & Main Engine Payload Exhaust Effects (Tip Off
Loads, Heating, Contamination)

Statement of Problem: The compatibility of the spacecraft with
the exhaust product of a N9O,/MMH engine is of major concern in
the design of reusable spacecraft systems and components. Resi-
dual contamination of thermal control surfaces, optical surfaces,
solar cells, antennas, and composite materials may result in
structural or functional degradation that limit the life of the
spacecraft,

Contamination of some components may have short term functional
degradation effects such as vapor condensation on optical surfaces
Other contamination may have permanent effects like degradation
of structural materials or changes in emissivity/absorptance of
thermal surfaces.

There is no way to soft dock or depart from a spacecraft without
directing exhause at the spacecraft.

An 00S service mission clearly states a requirement that we do
not perturb the satellite. It makes little sense to design and
build a service tug that upon rendezvous, docking and departure
damages or degrades the satellites,

Objective: The initial phase of this effort will include a study
of: 1) spacecraft materials and components that are apt to be
affected by N204/MMH engine exhause products; 2) engine exhaust
products during steady state firing and start up and termination
transients; 3) engine exhaust plume expansion for NoO4/MMH engines
at steady state firing; and 4) establish a test plan for Phase II
efforts.

Phase II will provide and subject selected materials to simulated
space conditions and engine exhause products. Test data will be
analyzed and a report written which will provide a baseline for
design of NZOAIMMH engine systems and the associated functional
components and structure from a contamination point of view.

Phase III involves analysis of operational aspects of contamina-
tion control or alleviation, Typically, tasks are to:

A-32




VOLUME 5.0

1. Prepare criteria that can be used for rendezvous and docking
strategy to assure we do not '"perturb" the satellite that we
are servicing.

2. Prepare design criteria that can be used for system and pay-
load integration to assure solar arrays, antenna, on-board
experiments and crew safety are not compromised by engine
exhausts.

3. Assist in assembling back-up data concerning exhaust effects
for customer presentation.

Approach: Begine with state of the art plume analysis tools (such
as the Lockheed series of programs) and:

1. Evaluate Transtage and Tug main engine exhaust flowfield and
composition.

2. Make monor modification to the Lockheed PLIMP program to adapt
it for contamination assessment. Interface with personnel in
the Skylab contamination analysis section for modeling of
deposition.

3. Rendezvous and docking often involves complicated maneuvers
in which the satellite takes on varied locations and orienta-
tion within the exhaust flowfields. Determine if there is
a means of coupling the impingement effects calculations into
the flight dynamics calculations to assure the firing sequence
and orientation of the tug do not significantly perturb pay-
loads. This should help assure meaningful rendezvous and
docking software development,

The second phase of this program will be to test candidate materials
in a simulated space environment and engine exhaust products. The

following is a likely test matrix:

Specimen Location

Test Plume Position Measurement
Materials Components Hot Cold
A. Thermal Control Surfaces Absorptance
Coatings
1 3M Black Velvet X X Emitance
2 Specular Alzak Microscopic

Stress Level
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1.

Engine exhaust plume angles will not be tested,

Optical Surfaces
Camera Lenses
MgF2

Reflective

Aszs3

§i0

Metals
Solar Cell
Antenna
1 Beryllium copper
2 Stainless Steel
Composites
1 Glass
1 Boron
1 Graphite
1 Ceramic
Structural
1 Stainless

1 Aluminum

VOLUME 5.0

ESTE - -

Lo I - 4

P

Transmigsibility

Reflectance

Reflectance

Power Output

RF signal generation

Stress level

Microscopic
Ultimate strength
Weight change
Swell

Microscopic

Discoloration
Ultimate strength
Surface hardness

Other items will be stressed to levels antitipcated on space-

craft components.

All tests will be

performed with exhaust products impinging on the test item,

Test data will be analyzed and included in a final report. The
conclusions of the report will provide baseline data for the selec-

tion of materials and life expectance vs exhaust product contamina-
tion level,
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Schedule:

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16
Phase I
a) Matl. Study

b) Exhaust Products &
Characteristics

c¢) Test Plan
Phase I1
a) Procurement

b) Future Design &
Procedure

c) Fab and Build
d) Test
e) Final Report

Manmonths 2 33 31% 3 3 4 4 4 4 &4 & & 4 1
Manpower $K ‘ -
Material $K .1 .1.1,1 3 6 6 1 1
| Travel $K 3 .3.6 .6 .6 .6 .3 .3
1 Computer Hrs. 3 3 3 3 3 3 2

TOTAL

| Facilities: The following facilities are located at the Martin
| Marietta Corporation's Waterton plant and will be utilized to
o perform this task: Library and General Office Space; Computer;
Model Shop; EPL; Failure Analysis Lab; Q,C, Lab,

/s/ Lyle Mason
Lyle Mason
Dept. 1664, Ext. 3346

Approved: /s/ R. W. VandeKRoppel
‘ R. W, VandeKoppel
Manager
! Propulsion ER&D
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY

Subsystem: Main Propulsion System and Attitude SRT No, P-11
Control Propulsion System

Task Title: Development of Fabrication Technology for Space Tug
Propellant Management Devices

Statement of Problem: This task addresses the problems associated
with the fabrication of propellant management devices (PMD) that
employ fine mesh screens to provide the retention/expulsion of
propellants for the MPS and ACPS during low-g periods. Since the
PMD retention/expulsion capability is directly related to the
effective pore size of the screens, any pore enlargement or other
communication path across the screens which is greater than the
designed screen pore size will degrade performance of the PMD.
The PMD fabrication techniques, therefore, must be such that they
maintain structural integrity of the screen and provide adequate
joining of screen to screen or screen to metal.

In order not to degrade the capabilities of the PMD, the specific
fabrication problems which are considered to be critical are re-
lated to joining, forming, handling, and repairing of the fine
mesh screen. Methods for joining screens to either other screens
or plate which have been investigated include welding, brazing,
metal flame spray, and soldering. Of these methods, welding is
the preferred approach and most of the screen welding experience
has been with stainless steel., Since titanium and aluminum are
candidate tankage materials, capabilities for welding of titanium
and aluminum screens must be developed. The PMD design could re-
quire that the fine mesh screens be made with compound curvature
to closely match the tank interior shape. Forming of screens into
compound curvature usually requires stretching of the material which
results for forming compound curvature screens must be developed.
For use in a reusable system, handling procedures and method for
repairing the PMD have to be developed.

Objective: The overall objective of this task is the development
of fabrication expertise which will allow Martin Marietta to build
the PMDs for the Space Tug MPS and ACPS. Specific objectives will
be to develop forming, joining, handling, and repairing processes
and procedures for aluminum and titanium,

Approach: Martin Marietta has built several subscale capillary

devices which used fine mesh stainless steel screens. Of particu-
lar significance was the fabrication of a 70-inch diameter screen

A-36




VOLUME 5.0

liner. The welding techniques which have been developed for
stainless steel will be applied to aluminum and titanium screens.
In addition, the feasibility of electron beam welding will be
evaluated. As backup joining techniques, the brazing and metal
flame spray of aluminum and titanium screens will be investigated.
The metal flame spray method could be attractive for making re-
pairs on damaged screens.

In the limited experience with forming compound curvature screens,
the best results have been obtained with pleat forming. The first
successful pleat forming operation was accomplished at the AMT
facility where a 72-pleat stainless steel hemispherical device of
approximately 12 inch diameter was fabricated. Under this task,
pleat forming for diameters up to approximately 30 inches will

be evaluated for aluminum and titanium screens. Other attractive
forming techniques that will be evaluated are spin forming and
hot-die forming., The forming investigation will utilize existing
dies where possible and the screens will be bubble point tested
before and after in order to determine any degradation.

The results from the screen joining and forming investigations
will be employed in the two related PMD design tasks. The out-
put from the design tasks will include prototype designs of the
ACPS and MPS propellant management systems. Under this task,
these two prototype systems will be fabricated., Ground tests will
then be conducted to verify the operating and performance charac-
teristics and to evaluate inspection, maintenance, and cleaning
procedures for the prototype PMDs, These ground tests will be
conducted under two other related technology tasks.

Schedule:
Task Milestones 1{2]1314}516]|718]|9]10] 11

1, Evaluate Joining Methods

2, Evaluate Forming Methods

3. Complete ACPS & MPS PMD N\
Designs

4, Fabricate Prototype ACPS
and MPS PMDs

Budget: Manpower - 64 manmonths
Materials and Hardware - $15K
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Facilities: AMT and LH2 Laboratory

/s/ G. Robert Page

G. Robert Page
Dept. 1662, Ext. 3809

/s/ R. W. VandeKoppel

Manager
Propulsion ER&D

A-38




VOLUME 5.0

SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: ACPS Engine SRT No. P=-12
Task Title: Hydrazine Thruster Life and Reuse Demonstration Program

Statement of Problem: The reusable aspects of Tug, iong life,

and refurbishment reflect a change in emphasis from previously
designed thrusters. Current technology in this area indicates
that steady state and pulsing life can be increased significantly
over that of current flight qualified thrusters. For example pro=-
jections on steady state life are an order of magnitude greater
than that on current thrusters, However, these projections are
based on limited data.

Current thrusters as well as those projected in the future have
the capability of catalyst bed refurbishment. This involves
cutting the weld between the chamber and injector, replacing the
catalyst and rewelding the assembly. The refurbished engine
then has the potential performance and life of a new thruster.
When a thruster has been subjected to a number of Tug missions
such that its' demonstrated life is achieved, there is a ques-
tion as to whether or not the thruster should be refurbished.

It is possible that the number of thermal cycles and pressure
cycles on the basic chamber has reached a point where structural
fatigue of the material, and other considerations, may not warrant
refurbishment. However, if refurbishment is practical, what is
the number of refurbishments and life extension possible. These
questions are of particular interest on a new long life thruster
which has projected life, based on the initial build, an order
of magnitude greater than current flight qualified thrusters.

Approach: Because of the limited data in this area, a hardware
program should be initiated to address the specific questions
previously mentioned. The program would consist of approximately
three development thrusters to be built and tested to the Tug
peculiar duty cycle and environment. The thrusters would be built
to the level of technology available at that time and tested to
investigate potential problem areas as related to long life and
refurbishment,

Schedule: 12 months during the Tug Phase B effort.

Budget: The program could be conducted for approximately $400,000
which would include the hardware build, manpower, and materials,
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Facilities: This type of program could be conducted at any of
the present monopropellant hydrazine thruster manufacturers

(Rocket Research, Marquardt, TRW, Hamilton Standard, and Walter
Kidde) .

/s/ William E. Pipes III
William E., Pipes TII
Dept. 1663, Ext. 3511

/s/ R, W. VandeKoppel
Manager

Propulsion ER&D
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Propulsion (ACPS) SRT No. P-13
Task Title: N2H4 Propellant Compatibility and Corrosion

Statement of Problem: Data is available on short term compati-
bility of hydrazine with a number of propulsion system construc-
tion materials. This data will be useful in selection of Tug con-
struction materials but once these materials are selected they
must be subjected to long term compatibility testing. Special
emphasis must be placed on testing bimetallic joints proposed

for use on Tug because the electrochemical corrosion induced by
these joints is often sufficiently slow that no problem is ob-
served in missions of short duration but on long duration missions
and with reuse the slow acting corrosion can weaken parts to
failure.

Special attention must be directed at problems arising from reuse,
Hydrazine propellant absorbs moisture from the air increasing
their corrosion potential. The hydrazine fuels also absorb car-
bon dioxide to produce a very corrosive substance, carbazic acid.
Investigations of the effects of exposure of a system containing
post-use residual propellant to air will be required. These will
involve examination of the potential of air exposure in causing
harmfull corrosion to structural components and the nature and
quantity of sludge-like deposits produced.

This compatibility testing should also be directed toward an
examination of the consequences of propellant contact with the
exterior surfaces of propulsion hardware since multiple reuse
greatly increases the chance of spillage during refueling. This
will include propellant in ambient air contact effect on composite
materials such as glass, baron, graphite or PRD 49 filaments
bound by epoxic, polyesters, polyimide, etc,

Objective: The objective will be to provide data suitable for
selection of the best possible materials for use in construction
of the Space Tug. This will include test data on materials used
in direct contact with the hydrazine propellant, bimetallic joints
required and the effects of air contamination on these materials
when wet with propellant. Data will also be generated regarding
the combined synergistic effect of air and propellant on the ex-
terior surfaces of propulsion system components.
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Approach:
1., Tankage materials and joints will be emersed in the appro

priate propellant and test articles tested for the following:

a. propellant decomposition;

b. propellant contamination;

¢, material corrosion;

d. sludge buildup;

e, effects of air exposure; and

f. special cleaning procedures

2. Exterior surfaces will be subjected to exposure to propellant
vapors and liquid propellant in the presence of moist air
and test articles tested for the following:
a., effect of contact and contact time on surface finish,
strength, and flexibility;
b. methods of detection of these effects; and
c. methods of decontamination
Schedule:
2 1011(12(13

Prepare and setup emersion
test samples

Fuel Decomp.

Test effects of air
contact

Test special cleaning
procedures

Test emersion samples for:
sludge
corrosion
propellant contamination
Exterior effects
Methods of detection
Contact effects
Methods of Decontamination

Final Report

14

16
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Budget: (Unburdened)
Total program 15 months, 33 manmonths

6 test engineers (emersion)

5 analytical chemists

6 test engineers (exterior exposure)
_4 materials scientists
21

12 technicians
33 manmonths

Facilities: Propulsion Engineering Laboratory; Propulsion
Chemistry Laboratory; Materials Testing Laboratory. No new
facilities or equipment required,

/s/ L. O. Williams

L. O, Williams
Dept. 1664, Ext. 3829

/s/ R. W. VandeKoppel

R. W. VandeKoppel
Manager
Propulsion ER&D
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Attitude Control Propulsion System SRT No. P-14

Task Title: Evaluation of Inspection, Cleaning and Maintenance
Procedures for Space Tug ACPS Propellant Management Device

Statement of Problem: The Space Tug is to be a highly maneuver-
able, reusable spacecraft which has a service life of up to 10
years. The reusability requirements emphasize the need for all
subsystems to be easily inspected and to be as maintenance free
as possible.

The ACPS propellant management device (PMD) which utilizes fine
mesh screens must be capable of meeting these requirements., If
the PMD is an integral part of the ACPS tank, it must be capable
of being remotely inspected and cleaned. Because of the fine

mesh screens, plugging of the PMD is a potential problem, Any
reduction in screen flow area due to plugging could degrade the
performance of the PMD. Inspection techniques must be established
to determine operational status of the PMD. Also, if the PMD

does not pass the acceptance check, procedures must be established
to identify the problem and return the system to a flight-ready
condition,

Objective: The objective of this task is to establish inspection,
maintenance, and cleaning procedures for the ACPS propellant
management device,

Approach: After the PMD design has been established, a preliminary
evaluation of the inspection, maintenance and cleaning requirements
and procedures will be conducted. Information will be compiled

on cleaning and acceptance test procedures used on operational
vehicles such as Apollo, Transtage, Agena, etc.,, keeping in mind
that these vehicles are not reusable. The preliminary procedures
will be modified as required to take advantage of existing hard-
ware, techniques and procedures developed under previous programs.
The finalized procedures will then be verified through ground

tests using the prototype ACPS tank and PMD which will be built
under a related fabrication technology task,

The ground tests will include flow tests that will establish that
the PMD screens have not been clogged or damaged in any way. The
tests will determine the flowrate range for an acceptable, clean
PMD and any lower flowrates would indicate contaminated screens,
Tests to verify procedures to unplug the screens will be conducted,
The ground test program will also verify procedures and techniques
for the remote bubble point check of the PMD screens.
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Schedule:

Task Milestones
1. PMD Design Complete

2. Preliminary Evaluation of
Procedures for Imspection,
Maintenance and Cleaning

3. Review and Compile Related
Information from Previous
Program

4, Preferred Procedures
Selected

5. Prototype ACPS Tank and
PMD Ready to Test

6. Ground Test Program

7. Final Report

Months from Task Go-Ahead
2 3 4 5 6 7 8

Budget: Manpower - 12 manmonths
Material & Hardware - $2K

Facilities: Engineering Propulsion Laboratory

/s/

/s/
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Attitude Control Propulsion System (ACPS) SRT No. P-15

Task Title: Propellant Management Device Evaluation for Space
Tug ACPS

Statement of Problem: A surface tension device has been selected
as the propellant management system for the Space Tug ACPS, but
very little work has been done to identify the specific type and
configuration surface tension device to be used. A device needs
to be selected, designed and evaluated with respect to the mission
criteria,

Obijective: . The objective of this task is to select a surface
tension device for the ACPS tank of the Space Tug which will satis-
fy the mission requirements, design the device and evaluate its
performance. Emphasis will be placed on performance, weight and
reusability. The design will be carried to the point at which
engineering drawings of the devices, showing fabrication details,
can be accomplished as part of this task. A development plan de-
tailing the effort required to continue this task through to fab-
rication of a flight qualified device will be provided. Using
this design, a prototype device will be built and tested under
other parallel Space Tug tasks,

Approach: The approach for this task is outline in the following
paragraphs:

1. Collect spacecraft and mission criteria applicable to the de-
sign of the surface tension device for the ACPS. This effort
will be primarily aimed at defining the expected acceleration
environment for the entire mission. Other system requirements
such as propellant off-loading, emergency dump, etc., will
also be established,

2, Various candidate surface tension devices, which appear to be
capable of satisfying the mission requirements, will be iden-
tified. For this application, continuous communication or
liner type devices are the only type of device which are
capable of supplying propellant to the ACPS thrusters. There-
fore, only various configurations of liner type devices will
be considered as candidates. A preliminary evaluation of
their capabilities will be accomplished. From this evalua-
tion, the most promising concept will be selected.
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A detailed analysis of the selected system will be accomplished.
Its performance and capabilities will be optimized. The opera-
tion of the device throughout the mission will be evaluated

to insure it has adequate design margins, sizing of the flow
channels, configuring capillary barriers (if required) and

the selection of screen materials will be the primary areas

to be analyzed.

Factors such as reusability, reliability, loading, handling
and compatibility will be evaluated to insure that the device
will satisfy the multiple reuse requirements.

The structural design and fabrication of the device would be
evaluated. The objective will be to provide sufficient struc-
tural strength, while minimizing weight. Results from the
related fabrication technology task will be implemented. An
engineering drawing, showing the fabrication details, will be
made.

A development plan, presenting the effort necessary to continue
the development of the device through to flight qualified
hardware, will be written., Any necessary development testing
will be identified.

Schedule: 4 months of effort with a final report.

Budget: 4 manmonths, 1 hour computer time

Facilities: None required.

/s/ G. Robert Page
G. Robert Page
Dept. 1662, Ext. 3809

/s/ R. W. VandeKoppel
R. W. VandeKoppel
Manager
Propulsion ER&D
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APPENDIX A

4.2 AVIONICS

(A-1 thru A-18)
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY

Subsystem: Docking SRT No, A-1
Task Title: Remote Manned and Autonomous Docking

Statement of Problem: The two modes of operation for the Tug dock-
ing maneuver are: Remote Manned and Autonomous. Neither of these
modes of operation have been utilized, and thereby proven, in the
U,S. space program. Thus, a considerable amount of effort will

be required to establish a sufficient technology base from which
the docking operational and hardware requirements can be defined.
Docking simulations similar to those performed during the defini-
tion phase of the Apollo program will have to be performed.

The Remote Manned System required for the docking maneuver will
involve a pilot controlling the Tug from a ground based control
station. A TV camera on the Tug will provide the visual informa-
tion needed by the pilot to perform the docking maneuver. The TV
picture will be transmitted to the control station via a relay
satellite (to be considered for some missions), a ground tracking
network and a data processing center. Communication and process~
ing time delays up to eight seconds are being predicted. Visual
guidance errors for the final alignment of the Tug to the docking
axis of the target will be obtained from a visual aid mounted on
the target. Visual aids to be considered would be the Apollo
standoff "tee' and the Apollo Soyuz standoff "box".

The autonomous docking system will involve a sensor aboard the
Tug and a cooperative interface on the target, The capability of
the control loop (the sensor, control logic and propulsion) to
perform the docking within docking tolerances is in question,

Objective: The objective of this task is to provide a technology
base which provides: 1) data on the interdependence of the Tug
performance and subsystem requirements, 2) performance require~
ments for the most probable Remote Manned and Autonomous docking
systems, and 3) docking operational approaches.

Part one of the objective provides data on the interdependence

of the Tug requirements involved during the docking maneuver,
Some of the requirements for the Remote Manned System are: con-
trol modes, acceleration levels, velocity levels, limit cycle
bounds, types and tolerance bands of visual aids, TV type (mono/
stereo), TV resolution and frame rate and navigation methods. As
each of these requirements varied, the effect on the other
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requirements and such things a fuel consumption and performance
time and accuracy must be determined., This data on the inter-
dependence of requirements is critical to making effective Tug
Project decisions on the impact of varying any of the requirements
studied.

Part two of the objective will provide the performance require-
ments for a baseline docking system (remote manned and autonomous).

Part three of the objective will provide alternative docking
.approaches along with the advantages and disadvantages of each.

Approach: A series of moving base simulations will be required

to study the remote and autonomous control of the docking maneuver
properly. An empirical approach is the only method that can be
used because the pilot and some of the guidance hardware must be
physically introduced into the study. Simulation runs would be
made for various combinations of the system variables (control
modes, visual aid, time delay, TV resolution, etc.) to determine
the effect on system performance. The objective of the study would
be realized through this simulation approach.

Schedule: 16 months after Authofity to Proceed (ATP).
350 manmonths

2,000 HYBRID Console hrs. @ $40,00
per hr,.)

Budget: Manpower - $920K
Computer - 80K

Material - 10K
Hardware = 60K

Facllities: Six degree of freedom servo driven moving base simu-~
lator and computer,

/s/ A. E. Wudell
A, E. Wudell
Dept. 1640, Ext. 3395

Approved: /s/ Ge. W. Smith
¢ G. W. Smith, Manager
Manned Exp, & Life Sciences
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY

Subsystem: Systems Performance SRT No, A-2
Task Title: Docking Strategies Assessment

Statement of Problem: Docking with a cooperative passive
satellite using an unmanned spacecraft requires the conversion of
a variety of sensor data into appropriate vehicle responses.

The sensitivities to errors in these responses will be extreme.
Sophisticated logic will be required to interpret radar, optical
and contact sensor data in terms of the complicated and highly
dynamic nature of the two-vehicle relative geometry. The defini=-
tion of the functional requirements of this on-board logic will
require extensive simulation and analysis., The technologies re-
quired include rigid body dynamics (6 DOF), classical and dynamic
filtering, modeling of hardware functions, pattern recognition,
discrimination and/or enhancement, and optimal control theory.
Experience in the application of these disciplines to the unmanned
docking proglem is so limited that the driving technology issues
may not yet be identified.

Objectives: The objective of this task is to define functional
requirements for unmanned docking systems as a function of the
level of autonomy required in the maneuver. The data needed to
make this definition will result from hybrid simulations of the
docking maneuver using alternative strategies and on-board soft-
ware,

Approach: Preliminary analyses will be performed to produce a set
of candidate navigation, data interpretation, and control policies.
These policies will be implemented and used to perform closed-
loop docking simulations. Based on simulation results, a second
generation of policies will be developed, Comparative data will
then be generated using a range of identical simulation conditions
for all policies. The impact dynamics problem will be studied

in detail by assessing the probability of docking success using
the various policies. The continuing technology development
requirements will then be assessed and a recommendation of the
most promising types of on-board logic will be made.

Schedule and Budget: 200 manmonths beginning in 1975. 150 hours
of computer time,

Events:

l. Develop candidate navigation, sensor data interpretation and
control policies.
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Incorporate policies. into preliminary closed-loop simulations.,
Generate second-generation control policies,

Evaluate policies through detailed comparative simulations
Assess probability of docking success.

Define requirements for recommended on~board docking soft-
ware,

Identify further development requirements.
Document candidate policies and results,

Management Review,

MONTHS AFTER TASK START

0 6 12 18 24 30 36
1 —
2
3
4
5
6 -
7
8 —_ —_ —_ —
9 *—e * . —e *—o——e

Facilitieg: Task will be coupled with simulation tasks and

associated equipment,

/s/ R, D. Vaage
R. D. Vaage
Dept. 0442, Ext, 3121

Approved: /s/ R. J. Farrell
R. J. Farrell
Department Manager
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY

Subsystem: Systems Performance SRT No. A-3
Tagk Title: Propellant Slosh Effects in Log~G Engironments

Statement of Problem: A liquid mass moving within a tank has a
significant effect on vehicle motion. During Tug deployment and
retrieval by the Shuttle, these effects must be considered for
successful design of the docking mechanism. Slosh effects will
be even more critical to successful docking of the Tug with the
retrievable payload.

Objective: To determine slosh effects during Tug deployment/
retrieval, payload docking, and main engine or ACS burns.

Approach: Formulate the equations of motion of the propellant
including the effects of surface tension, contact angle, and

slosh baffles., Couple these equations to the tank structure re-
presentation, including effects of viscous damping and tank bulg-
ing., Develop a 6 degree-of-freedom computer program to solve
these equations for interaction forces and moments for any fluid
level in the tank, with the applied force at any orientation to
the vehicle center of gravity. Devise test methods and/or utilize
flight data to verify amalytical results.

Schedule and Budget: 60 manmonths as indicated below beginning
in 1974. 35 hours of computer time.

Events:

. Review state-of-the-art techniques and methodology.
. Select modeling approach.

. Derivation of equations of motion,

. Program refinement/expansion.

1
2
3
4, Computer program development.
5
6. Program documentation.

7

. In-house management reviews.
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MONTHS AFTER TASK START

3 6 9 12 15 18 21 24

~N Oy W e

|

Facilities: Computer facilities assumed., No study peculiar
hardware required,

/s/ R. A. Zehnle

R. A. Zehnel »
Dept. E0442, Ext, 3178

Approved: /s/ Re J. Farrell

R. J. Farrell
Department Manager

A-55



VOLUME 5.0

SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Rendezvous and Docking System SRT No. A=4
Task Title: R. F. Target Signatures

Statement of Problem: Space Vehicle Targets are usually speci-
fied in terms of their average radar cross-section and scattering
statistics. Since rendezvous and docking must be effected with a
wide variety of target vehicles and target vehicle shapes, a con-
cise understanding of target vehicle scattering characteristics
must be obtained., The radar cross-section of target vehicles is
a function of the target geometry, radar frequency and polariza-
tion, and radar antenna aspect angle. Target geometries for both
military and non-military targets must be identified, and the
radar cross-section for these targets must be obtained through
theoretical calculations and experimental verification. Since
very little data are currently available, theoretical and experi-
mental data must be obtained at a number of r.f. frequencies and
polarizations with emphasis in the X~band and K-band regions.
These data are required to commence with a suitable rendezvous
and docking radar design and to compare different system implemen=-
tations. It is even more essential to arrive at minimum weight/
maximum reliability design for a Space Tug rendezvous system,

Objective: To tie down the scattering characteristics of various
target vehicles which are expected to be employed in the Space
Tug rendezvous and docking missions. Determine the radar cross=-
section variations with frequency, polarization, and aspect angle
of various target vehicles including vehicles with complex geo=-
metries and shapes. Provide experimental verification of the
radar cross-section of these vehicles by scale model measurements
of the large target vehicles and full=-scale measurements of the
smaller vehicles., Assess the effectiveness of FD rendezvous radars
for various targets, target geometries, and target scattering
characteristics, and to determine the radar weight/power require-
ments for an effective Space Tug rendezvous radar.

Approach:

1, Identify target geometries for both military and non-military
Spate Tug targets vehicles. Also establish smallest target
for rendezvous task.

2., Determine theoretical variation of radar cross=section of
simple shapes, and utilize computer programs to combine these
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cross-section contributions to arrive at the overall scatter-
ing characteristics of various Space Tug target vehicles.

Arrive at 4 to 5 viable target categories and classify targets
according to size and complexity.

Build scale models of larger space vehicle targets and obtain
full-scale test models of smaller targets for radar cross-
section measurements.

Perform radar cross-section measurements; indoor measurements
on scale models in radar anechoic chamber and full-scale model
measurements at RATSCAT facility. Holloman AFB, Almagordo,
N.M., Radar cross-section measurements will be performed for
parallel and perpendicular polarization at h-band, x-band,

and k-band,

Determine range of aspect angles for space rendezvous and
analyze radar cross-section data for basic radar design pur-

poses,

Determine rendezvous radar design and effectiveness of FD
radar for all targets considered in Space Tug mission.

Write report on radar cross-section calculations and measure~
ments, ,

Write report on basic radar design and effectiveness.

Schedule: (See Approach) - Completion dates:

Item 1 - 6 weeks after go-ahead
Item 2 - 3 months after go-ahead
Item 3 - 4 months after go-ahead
Ttem 4 - 6 months after go-ahead
Item 5 - 9 months after go-ahead
Item 6 - 9 months after go=-ahead
Item 7 - 10 months after go-ahead
Item 8 - 12 months after go=-ahead
Item 9 - 14 months after go-ahead
Item 10 - 15 months after go-ahead

Budget: Approximately $150K to $250K

Facilities: Computer facilities for calculations; Model Shop for
building scale models; Radar Cross-Section Facility for scale
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models (subcontract); Radar Cross-Section Facility for full=-scale
measurements (RATSCAT).

/s/ Werner Koppl
Werner Kopple
Dept. 1610, Ext. 2092

/s/ _R. L. Gates
R. L. Gates
Guidance and Control Technology

Panel Chairman
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY

Subsystem: Scanning Laser Radar (SLR) for Rendwzvous and
Docking SRT No. A=5

Task Title: SLR Receiver Application as a Star Tracker

Statement of Problem: The Scanning Laser Radar (SLR) has been
developed and development is continuing by ITT Gilfillan, San
Frenando, California, under contracts with NASA/MSFC, Huntsville,
‘Alabama., Its specific purpose is for rendezvous, stationkeeping,
and docking in the Space Shuttle Program, and it is applicable
also to the Space Tug. The SLR is designed to operate with a
pulsing Gallium-Arsenide (GaAs) Laser of a wavelength of approxi-
mately 0.9 micron (just beyond the visual range). Other laser
radars, using YAG lasers at 1,06 micron wavelength and COy lasers
at 10,6 microns wavelength, are also under development by ITT
Gilfillan, Norden Division of United Aircraft Corporation, and
GIE Sylvania,

The receiving component of the SLR is essentially a star tracker,
except that it is currently designed to operate with a pulsing
laser at the laser's wavelength, rather than with stars. Modify-
ing and SLR receiver's circuitry and photodetector to operate
both with stars and with the pulsed GaAs laser will allow its
dual use as a star tracker and as the SLR receiver., This task

is to determine the feasibility of this modification and its use
for Space Tug.

Objective: The objectives are to demonstrate a combination star
tracker and SLR receiver and to determine whether system require-
ments will allow a single instrument to function both as a star
tracker for celestial navigation and as an SLR receiver for
rendezvous, stationkeeping, and docking operations,

Approach: The approach will be to study: 1) the possibility for
time-sharing this instrument as a star tracker for updating of the
Inertial Measurement Unit (IMU) and other uses for a star tracker,
with functions as an SLR receiver for rendezvous, stationkeeping,
and docking operations; 2) the mechanical gimbaling or other
mounting requirements to allow the single instrument to perform

the two separate functions; 3) the system impact of the above three
factors as to power, weight, volume, operational aspects, complexity,
and reliability; and 4) to demonstrate an instrument with capabi-
lities for these, and possibly additional functions. ITT Gilfillan
has built the existing SLR and has also built a Multi-Mode Optical
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Sensor (MMOS). In combination, the two would have the desired
capabilities.

Schedule: One year program, commencing in July 1974,

Budget:

Study: One man year
Hardware Demonstration: Two man years and $50K material,
plus the SLR and the MMOS as GFE,

Facilities: Existing electro-optical laboratory with capabili-
ties for star and target simulation and measurements.

/s/ William R. Wilson
William R, Wilson
Dept. 1625, Ext. 3927

Approved: /s/ R. L. Gates
R. L. Gates, Chairman
Guidance and Control
Technology Panel
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Systems Performance SRT No. A-6
Task Title: Terminal-Phase Rendezvous Navigation and Guidance

Statement of Problem: As the active vehicle in a rendezvous
maneuver enters the region where two-vehicle relative motion is
important, simultaneous determination of the active vehicles
state in inertial space and its state relative to the target must
be accomplished. Absolute and relative navigation sensors will
be operating. The logic for acquiring the target vehicle will
also be exercised. Steering strategies that take into account
the orbital mechanics of both vehicles will be utilized to take
the active vehicle to the vicinity of the passive vehicle. The
degree of sophistication required in the sensors and on-board
logic for: a) acquisition, b) simultaneous absolute and relative
navigation, and c) rendezvous steering has not been adequately
assessed to determine the software functional requirements.

Objective: The objective is to develop data that will permit a
definition of the level of sophistication required by the on-board
navigation and guidance systems to perform the rendezvous segments
of the Space Tug missions and to determine measurement strategies
for those segments. In addition, the objective is to develop

the data needed to define the functional requirements for target
acquisition logic and to define the mechanisms for a transition to
and from absolute and relative navigation and guidance.

Approach: Linear error analysis programs will be extended to in-
corporate trajectory segments in which both absolute and relative
measurements are being processed. Utilizing these programs,
measurement strategies will be developed which include pre-terminal
phase navigation update requirements and measurement frequency

and quality requirements for all sensors during the transfer phase.
Candidate steering laws will be programmed in a range of sophis-
tication from line-of-sight to second-order closed-form solutions.
Detailed closed-loop simulations will be performed using the guid-
ance laws to establish guidance performance requirements for the
on-board logic. Target acquisition strategies will be evaluated
by simulation and the probabilities of acquisition success will

be established as a function of sensor and geometric parameters.

Schedule and Budget: 60 manmonths beginning in 1974. 35 hours
of computer time.
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Events:

1. Extend current programs to include absolute and relative
measurements.

2. Expand library of candidate steering laws.

3. Assess measurement requirements for candidate sensors.

4. Define guidance performance requirements for on-board logic
based on closed-loop simulations.

5. Develop acquisition strategies and assess probability of
success.

6. Document programs and requirements.

7.

Management Review.
MONTHS AFTER TASK START
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Facilities: Computer availability assumed. No study peculiar
equipment required.

/s/ R. D. Vaage
R. D. Vaage
Dept. 0442, Ext. 3121

Approved: /s/ R. J. Farrell
R. J. Farrell
Department Manager
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Systems Performance SRT No., A-7

Task Title: Guidance and Navigation Strategy Assessment for
High-Volume Space Tug Operations

Statement of Problem: Navigation and closed-loop steering poli-
cies for preterminal phase of Space Tug operations must be estab-
lished which not only provide adequate mission performance for

-a wide range of mission types but also are capable of flying with
minimal preflight analysis. The determination of the appropriate
techniques for on-board software requires detailed targeting,
error analysis, and simulation studies. A variety of navigation
and guidance systems must be modeled and flown in modeled environ-
ments. A large number of trade-offs exist due to the potential
use of navigation information from the Shuttle, the payload navi-
gation satellites, and/or a variety of both ground and orbiting
measuring devices. The determination of strategies and profile
for on-board G & N must be followed by the development of soft-
ware to determine the flight-specific constants in a rapid manner.
Targeting program malfunctions will be required in order to be
compatible with the flight frequencies.

Objective: The objective is to produce sufficient error analysis
and simulation data to permit the definition of Space Tug hard-
ware and on-board software functional requirements. This in-
cludes the digital simulation and analysis of sufficient hardware,
software, and procedural alternatives to produce the trade-off
data needed for a definition of on-board, ground support and pre-
flight guidance and navigation functional requirements.

Approach: A three-dimensional matrix of missions, candidate G&N
subsystems, and G&N procedures will be sugjected to detailed
linear error analysis. Sensitivity of results to error source
model parameters will be conducted. A selection of matrix ele-
ments will be made based on the linear error analysis data and
detailed nonlinear simulations will be performed. Worst case
situations will be identified during the simulation activities.
Steering law alternatives will be studied via closed-loop simula-
tion on the worst case trajectories. in order to establish per-
formance requirements for the on-board logic. Preflight targeting
requirements will be determined and programs will be modified to
automate the determination of guidance constants for the most
promising guidance strategy. The linear error analysis will in-
clude studies to 1) determine the accuracy potential of the G&N
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system for all identified mission modes, 2) determine data rates
(update frequencies) for the various sensors, and 3) determine by
coincident simulations, whether the estimated vehicle states ob-
tained by linear covariance analysis do indeed converge to actual
values within reasonable bounds specified by the covariance mat-
rices. Re-examination of the basic assumptions and the suitability
of the measurements for their respective applications will be made
for cases where the statistical estimates fail to converge to
actual values computed in a "real world" simulation.

Schedule and Budget: 110 manmonths beginning in 1974. 70 hours
of computer time.

Events:

1. Define candidate missions, G&N subsystems and procedures.

2. Perform detailed linear error analyses.

3. Perform nonlinear navigation simulations for selected cases.
4., Re-examine navigation policies for nonconvergent simulations,

5. Perform closed-loop combined G&N simulations of worst case
trajectories,

6. Modify existing programs to automate guidance parameter
selection,

7. Checkout and Document program modifications.
8. Identify further development requirements.

9. Management Reviews.
MONTHS AFTER TASK START
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Facilities: Computer availability assumed. No study peculiar
equipment required.

/s/ J.K. Willoughby/R.D. Vaage

Dept. 0442, Ext. 3121

Approved: /s/ R. J. Farrell

R. J. Farrell
Department Manager
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Star Tracker SRT No, A-8
Task Title: Target Vehicle Signatures as Star Tracker Targets

Statement of Problem: Under many conditions a target vehicle will
resemble a star, as seen from another location. This may result
from reflection of ambient sunlight, a beacon on the vehicle, or
from illumination of the vehicle or retro-reflectors on the vehi-
cle by a light source at the "other'" location. The problem is,
"can a star tracker be used to acquire and track a target vehicle?"

Objective: The objective is to determine the feasibility of using
a star tracker to acquire and track a target vehicle,

Approach: 1) Study acquisition and tracking capabilities of curr-
ent start trackers, 2) Study the light reflected or radiated by
all types of target vehicles, both active and passive, giving con-
sideration to all possible sources of light. The apparent angular
size of the reflected or radiated light, as seen by the star track=-
er, shall be included, Utilize and continue studies and tests
(some of which have been classified to catalog 'signatures' of
radiation reflected or emanating from all targets of interest to
the Space Tug Program, 3) Study the gimbaling and other mounting
requirements to allow the star tracker's use with target vehicles,
and 4) Consider system requirements implied in this use of star
trackers.

Schedule: Studies: One yeér Program. Signature Tests: Possible
large program, depending on availability of information from pre-
vious (classified) work,

Budget: Studies: Two man years. Signature Tests: GSee comment
under "schedule''.

Facilities: Existing electro-optical laboratories, with capabi-
lities for star amd target simulations, and capability for illu-
minating test targets with lasers, solar simulators and other
light sources.

/s/ William R. Wilson
William R. Wilson
Dept. 1625, Ext., 3927

Approved: /s/ R. L. Gates
R. L. Gates, Chairman
Guidance and Control
Technology Panel

A-66




VOLUME 5.0

SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY

Subsystem: SRT No. A-9
Task Title: Autonomous Navigation Technology for Space Tug

Statement of Problem: A number of sensor types especially suited
for autonomous navigation applications have been developed, or
are under development at the present time. These sensors and
their associated ancillary support systems have been considered
.mostly in connection with the low altitude (100 -~ 200 NM) type of
mission and with the on-orbit phase of these missions. Little
attention has been paid to the problem of autonomous navigation
at intermediate and high altitudes (geosynchronous), or during
the highly eccentric transition phases between the parking orbit
and the mission orbit. The problems that arise are due to the
practical considerations of detection and acquisition, the opera-
tional considerations of global and tempus converge, and the _
analytical considerations of software adequacy and implementation.
The special conditions and exigencies that affect an autonomous
G&N system at synchronous altitude and during the transfer orbit
phases require an in-depth study of the utility and the possible
limitations of proposed autonomous navigation sensors, particu=-
larly: The Interferometer Landmark Tracker (ILT), a One-Way
Doppler (OWD), a Star Mapper (SM), and a Horizon Sensor (HS) in
addition to the conventional IMU system,

Approach: Simulations will be conducted employing a trajectory
error analysis program equipped with at least the aforementioned
autonomous navigation sensors, IMU and ground tracker models.
These simulations will analyze a typical Space Tug mission with
times lines and actual landmark distributions and transmitter
power (classified data) in order to determine: 1) the feasibility
of detection and acquisition, 2) the accuracy of the on-board
navigator (by error analysis under simulated operational condi-
tions), 3) the relative contribution of the navigation sensors
used independently or in combination, 4) the adequacy of the G&N
system during various phases of the Tug mission. Based on these
simulations and manufacturer specifications for each instrument,
certain affected Tug subsystems will be sized for that particular
useage and pacing items that may have a critical impact upon Tug
performance and scope of mission will be identified, The feasi-
bility of upgrading sensor performance for certain sensor types
will be investigated. One possible improvement would be an in-
tegration of ILT and OWD into a single device, exploiting a common
antenna, receiver, search and retrieval logic memory. Other,
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more exotic sensor types will be examined in concept and by error
analysis processes where appropriate.

Objective: The objective of this task is to determine the con-
tribution of the autonomous navigation sensors ILT, OWD, SM and
HS to intermediate and high altitude missions and to delineate
possible constraints pertaining to the use of these sensors in
that enviromment. Secondarily, the affect that the G&N subsystem
has upon sizing other key space Tug subsystems directly with
respect to power, weight, stabilization, etc., or indirectly with
respect to tankage, propulsion, computer, etc., will ve investi-
gated,

Schedule: 12 month program
Budget: 24 manmonths, $10K computer usage

Facilities: None

/s/ Howard Garcia
Dept. 0450, Ext,

Approved: /s/ Rs L. Gates
R. L. Gates, Chairman
Guidance and Control
Technology Panel
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Avionics SRT No, A-~10
Task Title: Inertial Measurement Units Evaluation and Selection
Statement of Problem: An Inertial Measurement Unit (IMU) must be
selected for the Tug mission with emphasis on reliability and

weight. This will be followed by a laboratory evaluation of the
selected system/s.

Objective: The objective of this task is to select several can-
didate IMUs for the Tug mission and to evaluate them in the labora-
tory to the required envirommental constraints.

Approach: 1) Perform selection based on Tug constraints, 2) Pro-
cure three systems, 3) Run independent evaluations of candidate
hardware against mission modes and environment and check compata=-
bility with Flexible Signal Interface. Check out redundancy
concept to verify soft performance failures. Implement star
sensor and/or horizon sensor update to platform.

Schedule: 13 month program.

Budget: Hardware - $500K
Evaluation Phase - 3 engineers, 2 techs. (2 years)

Facilities: 3 axis table
Single axis rate table
Electro-optical Alignment setup
(and supporting test equipment)

/s/ Roger T, Schappel
Dept. No., 1625, Ext. 3982/5053

Approved: /s/ R. L. Gates
R. L. Gates, Chairman
Guidance and Control
Technology Panel
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Communications SRT No., A-11
Task Title: Planar Array Antenna

Statement of Problem: A high gain (20 to 25 db) S-Band antenna
system is required for two-way tracking and communications be-
tween the Tug and, a) existing ground stations, b) relay satell-
ites, and c¢) the shuttle vehicle, Full coverage of all possible
look angles is required. A bandwidth of around 207% is required
‘to provide two-way links to all ground stations and vehicles,

Current system design uses two antennas, each covering a hemi-
sphere, Gimballed dishes have been ruled out because their shape
does not permit easy packing during launch, Electronically
steerable phased arrays are ruled out because of complexity and
limited steering range. The preferred antenna is, therefore, a
planar phased array without electronic steering, gimballed to
cover the hemispherical scan requirement., The electrical problem
is to design a compact, lightweight, low loss feed system for

an array of approximately 100 elements, and integrate lightweight
elements with this feed system to form an integrated antenna,

Objective: The objective is to design and build a prototype of
this antenna in order to demonstrate feasibility and determine
the expected weight and performance of a flight article,

Approach: A stripline feed ‘circuit and printed circuit dipole
elements will be designed. The assembled antenna will be tested
for electrical performance and subjected to environmental tests,

Schedule: 12 months

Budget: 24 manmonths (Engineering & Technicians) $30K
Materials 3K

Facilities: No new facility needed. Antenna lab, printed
circuit shop, and environmental laboratories will be used.

/s/ R. J. Richardson
R. J. Richardson
Dept. 1620, Ext. 3246

Approved: /s/ R. H. Hardin
Department Manager
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY

Subsystem: Communications SRT No, A-12

Task Title: One Way Doppler and Emergency Command Receiver

Statement of Problem: Tug DOD Missions conducted under Autonomy
Level #2 do not allow the ground to provide navigation updates
over the command link., It presently appears most cost effective
. to provide this update by onboard computation of one way doppler
shift of known ground transmitters (serving other functions)
operating in the 1750 to 1850 MHz frequency range.

There are scanning frequency receivers used for DOD oriented class-
ified missions. However, these are, in general, far overdesigned,
heavy, expensive, and still not too applicable to Tug requirements.

Approach:

1, Design and demonstrate circuits for a one and one-third pound
RF receiver capable of scanning the range 1750 to 1850 MHz.

2. Assume that the precision stable oscillator input require-
ment for frequency synthesize will be provided by the Tug
Data Management Subsystem (Stability Requirements - TBD).

3. 1Include with the receiver the capability of demodulating the
SGLS compatible 2,000 bit per second command subcarrier.

4, Provide bit stream, command close adequate signal level un-
inhibit (or squelch) command, an indication of input frequency
(synthesizer settings), and an input signal strength indica-
tion to a connector for connection to the Tug Data Management
Subsystem.

5. Plan an incorporation of a standard set of 4 hybrid circuits
(one ounce), providing all other command and telemetry inter=-
face functions to/from Tug Data Management Subsystem through
a second 4-pin connector. Example, commands to go from doppler
search to command receive mode and inverse,

6. Assume the Tug Data Management Subsystem will extract all
needed one way doppler shift data for navigation updates by
internal computation using a program containing information
on known RF ground sources and its own (Tug) approximate
position.
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Schedule: Start April 1974, complete July 1975 with complete
interface specifications generated by end of May 1975. (15
month time span).

Budget: 48 manmonths (Engineering & Technicians) $125K
Materials 50K

Facilities: No new facility needed. MMC-RDL RF laboratories
and equipment are assumed.

/s/ N. R. Sheppard

N. R. Sheppard
Dept, 0453, Ext, 2405
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Data Management SRT No. A=-13
Task Title: Flexible Signal Interface

Statement of Problem: In the present funding enviromment, there
is a growing need to control overall program costs. The Data
Management Subsystem (DMS) has a considerable effect on overall
cost since its design can determine the effect that a change or
modification to one subsystem has on other interacting subsystems,
The characteristics of the IMS that are most influential in this
area are: flexibility, ease of change, case of refurbishment,
ease of launch preparation, graceful growth, reliability and cost.
Graceful growth is defined as being able to provide a basic inter-
face that will allow orderly and economic improvements in avionics
boxes to be incorporated into the vehicle, DMS progressed from
the original centralized subsystem that was an outgrowth of the
telemetry subsystem to the present decentralized system which

was developed primarily as a means of saving weight through re-
moval of many long wires. The biggest difficulty with this latter
method is that the other subsystems utilizing the data manage-
ment subsystem each have a multitude of different interface re-
quirements. This means that the DMS is required to process both
ac and dc analog signals of various maximum amplitudes, similar
bi-level signals and binary signals of various magnitudes and
waveforms, A standardized method of handling these needs to be
developed.

Objective: The objective of this task is to develop and test a
minimum DMS prototype that will provide the flexibility needed

to process all of the user subsystem signals efficiently and that
has the capability of being easily changed and modified to meet
the varying requirement of different missions and of new and
modernized interfacing subsystems. The minimum DMS will consist
of redundant central control units and three or more bus inter=
face units. These interface units will include dedicated branch
circuits that are to be incorporated into large user subsystems
and non-dedicated branch boxes for small user subsystems. State-
of=-the~art circuitry such as LSI and hybrid circuits should be
used for the central control units and the interface units.

Approach: The task approach will be to utilize time division
multiplexing (TDM) on the data bus. All data will be digitized
for bit serial transmission at a 2 MHz rate on the bus. The
interconnecting wires will consist of two redundant shielded
twisted pair for control and two redundant shielded twisted pair
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for data. The two data buses will each accommodate full duplex
transmission of data, i.e., to and from each interface unit.

The central control units will consist of two general purpose
digital processors (for the minimum system), a common modular
memory and two command, data, timing and checkout (CDTC) pro-
cessors. One of the general purpose processors is used for con-
trol and the other for monitor. The controlling general purpose
(GP) processor performs the guidance and navigation computations
using inputs from the Inertial Measurement Unit (IMU) and the
DMS, Data transfers are controlled by the GP processor through
‘the CDTC by utilizing a dedicated portion of the common memory.
The GP processor performs this control by selecting which part
of the memory is used by the CDICs for generation of the data
transfer command words, These data transfer command words are
used by the interface units to send or receive data from the in-
terfacing subsystems, to respond to commands from the GP processor,
to perform self-checks and to transmit the results of these self
checks as status data. The status data and other pertinent data
can also be utilized by the GP processor to perform limit checks
and trend analyses.

The dedicated branch circuits that are incorporated in the large
user subsystems contain all of the basic circuitry for the stand-
ard flexible interface unit., This includes the control and data
input line receivers and the data output line drivers, the command
and control decoders, timing and sync detection and generation
circuits, data multiplexers and demultiplexers, signal condition-
ers (level translators, ac/dc and dc/ac converters, A/D and D/A
converters) and the necessary control logic, buffering and stor-
age.

The GP processors will be state-of-the-art microprocessors that
include a central processor unit, buffers and multiplexers, con~-
trol logic and sufficient memory and word length for it to per-
form its various functions. The two GP processors will operate
in a pilot/co-pilot mode with the co-pilot monitoring the per-
formance of the pilot. 1In the event of a disagreement, both

GP processors will perform a self-check, If no decision can be
made from the self-check results, provision will be made for
turning on a third GP processor (not to be provided) to enable a
majority vote. Consideration should also be given to including
some self-repair capability into the GP processors in conjunc-
tion with the self-test capability,

The common modular memory portion of the central control units
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shall be of sufficient size so that the GP processors can per-
form their functions without having to use most of the memory's
storage capability, That is, sufficient memory should be pro=-
vided so that the GP processor's programs do not have to resort
to clevel schemes and tricks to save memory., This is necessary
because the cost of programming goes up exponentially as the
capacity of the memory is approached. Thus a larger memory may
cost somewhat more in dollars, weight, size and power, but this
is more than compensated for by the resultant dollar savings in
programming. The memory must also have sufficient expansion
"capability so that this capability can be maintained throughout
the life of the DMS., This capability is particularly important
in the DMS program because of the expected changes due to
missions and interfacing subsystems changes and modernizationms,

The CDIC processors obtain the DMS control commands from that
portion of the common memory selected by the GP processor accord-
ing to the operating mode of the vehicle, TIts primary function
is to provide command words and timing signals to the dedicated
branch circuits and the branch boxes so that data is transferred
from subsystem to subsystem in an orderly manner. In addition,

it performs a monitoring function using the status data words
from the data bus and alerts the GP processor to any abnormalities
that occur in any of the user subsystems. The operation of the
two CDTC processors is monitored by the GP processors for appro-
priate action in the event of malfunctions in the CDIC processors.

In general, the approach will be to strive for maximum flexi-
bility with due regard for cost, weight, size and power consump=-
tion. Maximum use of state-of=-the-~art components will be made
with due consideration again for cost and for reasonable obtain-
ability and reliability,

The DMS subsystem test will be sufficient to show that the sub-
system performs the required functions,

Schedule:

Design Phase (includes breadboard of critical circuits 6 months

Fabrication Phase 10 months
Documentation Phase (Final Report) - 2 months
TOTAL Program Span 18 months
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Budget:

Manpower $380K, 150 manmonths
Material 100K

Travel 20K

TOTAL $500K

Facilities: Hybrid circuit fabrication equipment, standard
electronics and data management test equipment.

/s/ R, 0. Leighou

Dept. 1620, Ext, 4624
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SPACE TUG SUPPORIING RESEARCH & TECHNOLOGY
Subsystem: Tug Electrical Power Subsystem SRT No, A~14
Task Title: Design of Roll-Up Solar Array System

Statement of Problem: Roll=up solar array system has been de-
signed and tested by GE and Hughes, They were developed on an
applied research basis and were not designed for a specific space
vehicle, Advanced development is thus required based on Tug-
peculiar operational and vehicle design requirements. The cri-
tical requirements and associated problem areas are as follows:

1. Deploy/Retract Cycle - Approximately 600 cycles are re-
quired, The developed system has demonstrated only a frac-
tion of this number (less than 50). Deployment boom and
actuating mechanism must be evaluated for compatibility and
total deploy/retract capability demonstrated,

2. Solar Cell Assembly -~ Solar cell cover type and thickness,
cell interconnection technique, number of series and parallel
combination, etc., are Tug-peculiar requirements. Each of
these areas must be selected or designed and incorporated
into the Tug Solar Array System.

3. Refurbishment and Maintenance - Hardware reuse is a brand new
consideration peculiar to all Shuttle applications. All
aspects of the solar array design such as array blanket,
solar cell module, dc motors, and deploy booms should con-
sider replacement, repair, and checkout requirements with
the basic objective of minimizing operational cost.

4, Thermal Enviromment - The developed system was not specifi-
cally designed for operation in both lower earth orbits and
synchronous orbits. The solar array temperature can be as
low as -190°C. The solar cell interconnection technique and
materials must be compatible with the cold Tug enviromment.

5. Structural Design - The deployed solar array must be capable
of withstanding at least 0.1 g load from RCS thruster firing.
In addition, a trade-off between weight, number of deploy/’
retract cycle, array aspect ratio (length to width), and
battery depth of discharge may result in a requirement to
design the deployment boom to withstand up to 3.5 g's from
main engine firing. (At present, this is not required.)
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Objective:

1.

2.

Design and develop a prototype roll-out solar array system
for Tug utilizing the basic technology developed under the
JPL/NASA Contract NAS7-100.

Demonstrate full deploy/retract operation of at least 600
cycles.

Approach: Either of the following approaches are recommended:

1.

Issue a joint contract between the prime contractor and the
solar array manufacturer (GE or Hughes, awarded on a compe-
titive basis) to develop an advance prototype Tug roll-out
solar array design. The contractor will coordinate all de=-
sign activities in conjunction with their Tug design.

NASA/DOD will handle all direct design activities with the
selected solar array manufacturer. The Tug contractor will
provide technical support to NASA/DOD.

For either approach, only 107 of the array surface will be
covered with actual solar cells to minimize the overall program
cost.,

Schedule: 16 month time span.

Budget: Manpower: 60 manmonths

Material, Hardware, Misc, = $100K

/s/ M. S. Imamura

M, S. Imamura
Dept. 0455, Ext. 4065
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY

Subsystem: Electrical Power SRT No, A=-15
Task Title: '"Blue' Solar Cell Evaluation

Statement of Problem: New Solar cell with higher response than
that of conventional cell in the visible light spectrum has been
developed by COMSAT Corporation. The cells incorporated basic
_changes in the metal grid design and in the thickness of diffused
N-layer. Because of increased power conversion efficiency (14 to
16% vs 10 to 12% for conventional cells), they are attractive in
reducing the required solar array area and thus the weight of

the solar array. However, its mechanical integrity under thermal
environment of a roll-out solar array in the synchronous orbit
are unknown and must be carefully evaluated.

Electrical characteristics under various light intensities and
temperature conditions are not available, These characteristics
are mandatory in determining the size and weight of solar arrays
not only for Tug/Transtage applications, but also for any other
vehicle utiilizing these cells,

Ob jectives:

1, Evaluate metal contact and diffused layer integrity under
Tug thermal environments.,

2. Determine electrical characteristics at various temperatures
and light intensities and the temperature coefficients,

Approach: Purchase about 50 cells from Centralab and use MMC
facilities for the required testing. Prepare an evaluation
report,

Schedule: 6 month time span.
Budget: Manpower: 10 manmonths
Material: $2,500

/s/ M. S. Imamura
M. S, Imamura
Dept. 0455, Ext. 4065
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subgystem: Electrical Power SRT No, A-16
Task Title: Battery Development and Evaluation

Statement of Problem: Silver-Zinc (Ag-Zn) battery has been base-
lined for use on Tug and Transtage/Shuttle missions by themselves
and also in conjunction with the solar array. They have limited
recharge capability, depending on type of electrode separator
materials used, Insufficient data and knowledge of specific
Ag-Zn design are available to be able to select the best one for
immediate Tug, Transtage, and other Shuttle applications.

Because of assumed recharge limitations, Ag-Zn battery reuse for
successive flights is restricted to two times. The predicted
number of flights is as high as 350, If a selected design is
empirically shown to be capable of multiple reuses, a significant
cost reduction can be effected.

The Silver-Cadmium (Ag-Cd) battery has been used on spacecraft.
It has a lower energy density but a higher cycle life capability
than the Ag-Zn system, The basic problem is not with the battery
itself but in how to control the recharge. The requirement for
multiple reuses and hence reduction in cost are sufficient rea-
sons to warrant a limited empirical evaluation of this system,

Metal-gas battery systems such as Silver-Hydrogen (Ag-HZ) and
Nickel-Hydrogen (Ni-H,) have recently shown high promise as long
cycle life device approaching the conventional Nickel-Cadmium
cell capability. Their energy density capability is close to
the Ag-Zn., Their main advantage to the Ag-Zn is their higher
cycle life capability., Some basic development work is in pro-
gress. Early data demonstrate that they can achieve technical
maturity perhaps in two years.

Lithium battery, non-aqueous electrolyte type, has been developed.
Their size, however, is limited to "D" size, small capacity types.
This is a primary battery in a real sense that it cannot be re-
charged. The projected energy density is higher than the Ag-Zn
by a factor of at least two to three and cost lower by about half,
Development of a capacity rating as high as 100 to 200 AH appears
feasible using the state-~of-the-~art technology. This battery
system has not been used for space applications, and therefore
must be fully evaluated,
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Lithium-water battery with an unusually high energy density (at
least 960 WH/LB) is presently being developed for both military
and commercial applications. Development and evaluation for
space applications are necessary before this system can be
seriously considered for use on Tug. It is, nevertheless, very
attractive as a super-low-weight primary battery system with
possible multiple reuses with minimum refurbishment.

Objectives:

1, Evaluate and select candidate Ag-Zn cell designs and perform
limited characterization tests (thermal, pressure, and elec~-
trical) on these cells, Determine cycle life capability at
several depths of discharge and temperature.

2, Perform limited electrical and cycle testing on Ag-Cd battery
cells and define charge control criteria, Evaluate its
applicability to Tug/Transtage program.

3. Evaluate available metal-gas battery systems for applicability
to Shuttle-related vehicles. Perform limited testing on
selected battery system.

4. Develop 100 and 200 ampere-hour Lithium non-aqueous electro=-
lyte battery cells and perform basic characterization tests,

5. Develop Lithium-water battery system and perform basic
characterization tests.

Approach: The relative time of availability of various battery
systems are projected as follows:

Ag-Zn - 1973

Ag-Cd - 1973

Metal-gas 1975 to 1977, with

Lithium, non-aqueous adequate government
electrolyte funding

Lithium-water

The development of metal-gas and Lithium batteries have accele=-
rated within the last two years. However, they have not attained
a reasonable level of technical maturity. The Ag-Zn and Ag-Cd
‘systems will be -the primary candidates for all Shuttle-related
vehicles well into the 1980's.

The basic approach, therefore, is to perform detailed evalua~-
tion work on the Ag-Zn and Ag-Cd battery for immediate Tug
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applications, and only limited evaluation of other battery sys-
tems. The following battery types will be developed for evalua=-

tion:
Quantity
Metal-gas 2
Ag-Hy or Ni-H2 cell
Lithium, non-aqueous electrolyte
cells, 100 and 200 ampere-hour 20 ea
sizes
Lithium~water cell, 1 KW 1
Schedule:
1, Ag-Zn and Ag-Cd battery 14 mo, time span
2, Metal-gas battery 14 mo, time span

3. Lithium non-aqueous electrolyte battery 18 mo. time span

4, Lithium~water battery 18 mo., time span
Budget:
MM Material Development
| 1. Ag-Zn and Ag-Cd battery 20 $25,000
‘ 2. Metal-gas battery
Design and Fabrication $ 20,000
Testing 16 $ 1,000

! 3. Lithium, non-aqneous elec-
? trolyte battery
|

Design and Fabrication $ 80,000
Testing 20 $ 1,000

! 4. Lithium~water battery

‘ Design and Fabrication $100,000
Testing 20 $ 1,500

/s/ M. S. Imamura

M. S. Imamura
Dept. 0455, Ext. 4065
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY

Subsystem: Electrical Power SRT No., A=17

Task Title: Multiplexed Power Distribution Control and
Monitoring System Development

Statement of Problem: Unique wires dedicated for each monitor-~
ing and control function, as is the present practice, results in
a large number of signal wires and associated connectors on com-

" ponents., These wiring and connectors present a significant por-

tion of the total vehicle weight; and they are very costly. To
meet the low cost, low weight requirements of the Storable Tug
and other future spacecraft, control and data transfer harness
is one of the few areas in which significant cost and weight
reduction can be made.

Overall compatibility between the software and hardware must be
evaluated, Although the basic components utilized in the multi-
plexed system are not new, the application of central data manage-
ment system using the 'data bus'" concept to the spacecraft is
essentially at an infant stage.

The incorporation of digital interface circuits in the user
equipment is a new concept., All analog-digital conversion is
provided in the '"Branch" circuits. Thus, total signal inter=-
face compatibility between the user equipment and the central
data management system must be demonstrated.

Objectives:
1, Design a complete system capable of monitoring and controll-

ing power system components and load control devices using
data bus concept.

2. Develop monitoring and control data bus interface units for
power system components.

3, Develop a multiplexed system capable of providing interface
data sampling, timing, and command distribution.

4. Build a partial Tug power distribution system and demonstrate
control and monitoring capability.

5. Develop interface time mux to wire mux branching interface
circuits.
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Demonstrate software/hardware compatibility.

Approach:

1.

Carry out a 'paper design" for a complex system with special
mphasis on the inter-Black-Box and inter-vehicle distribu-
tion techniques for power, control, and data interchange.

Design interface circuits which can be supplied for incorpora-
tion in a "User" Black-Box capable of:

a) Switching power input on and off in response to central
(computer~type) control.

b) Providing Time Division Multiplex to Wire Division Multi-
plex (and inverse) conversion for control input and Data
Monitoring output interface from/to common distribution
buses.

This task involves selection of switching, sensing, and logic
devices together with circuit design, breadboarding, testing
and some hybrid packaging design,

Study proper mix of '"User" internal power control, fault
isolation, regulation, and load limiting as traded against
central control using high capability "branching" capability
(Item 2 above)., Design implementing circuitry and/or soft-
ware approach complementing Item 2.

Show by at least two implemented "Hybrid Circuits' how logic
for User Dedicated Circuitry can be implemented with no more
than (5) hybrid devices plus switch and current limiting
device,

Build interface circuitry and a software program for a GP
Minicomputer suitable to demonstrate dedicated interface
circuitry and power management techniques.

Evaluate various factors such as flexibility of software
changes and implementation, data and control input/output
formats, and data bus/computer compatibility.

-Schedule: 12 months time span

Budget: 50 manmonths, $20K Material

/s/ M. S, Imamura
M. S. Imamura
Dept. 0455, Ext. 4065
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Electrical Systems SRT No, A-18
Task Title: Electrical Umbilical Connection System

Statement of Problem: Most Shuttle Payloads require electrical
interfaces which must be capable of being automatically connec-
ted and separated a number of times while in orbit. 1In additionm,
capability to provide appropriate mated/unmated electrical sig-
nals must be provided. These types of umbilical devices have not
been previously designed and are unique to the Shuttle Payloads.

Objective: Design and build a prototype connecting system capa-

ble of providing electrical connection and quick disconnect

capability in orbit, and demonstrate its performance.

Approach:

1. FEvaluate various concepts and umbilical devices available.

2. Investigate various design problems such as alignment, pro-
per mating, translation and rotational requirements, and

allowable tolerances between Tug and cradle mounting.

3. Evaluate various standardizing concepts considering safety,
reliability, performance, cost, and weight.

Schedule: 14 month time span.

Budget: 20 manmonths, $15K material

/s/ M. S, Imamura
M., S, Imamura
Dept. 0455, Ext. 4065
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APPENDIX A

4.3 STRUCTURES

(S-1 thru S~16)
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Structures and Materials SRT No, S-1

Task Title: Composite Material Characterization

Statement of Problem: With graphite/epoxy composites being
congidered for use as a skirt material between fuel and oxidizer
tanks as well as a primary pressure vessel material, it is impor-
tant to have full knowledge of the physical and thermochemical
properties of these materials after exposure to the Tug mission
natural and artificially induced environments.,

Objective: The objective in this task is to select the best can-
didate composite system for Tug pressure vessel and skirt app-
lications after experimental evaluation of several candidate
systems.

Approach: Existing graphite/epoxy systems will be evaluated to
determine most suitable candidates for Tug application. The two
or three most promising systems will be completely characterized
by physical properties measurements and thermal analyses techni-
ques before and after exposure to anticipated Tug thermal/vacuum/
radiation environments. From this study will come the system or
systems showing greatest potential as verified by actual physical
property measurements, Long life data (several months to several
years) will be predicted using a combination of Arrhenius rate
equations and time~-temperature superposition techniques,

Schedule: (Milestones)

Task Months after Go-Ahead
ATP 2-1-74
Candidate Material Selection 2
Baseline Property Data 8
Property Data after Environmental Exp. 16
Age-Life Predictions 17
Final Report - 18

Budget: Manpower - 38 manmonths
Material - $15K
Hardware - $ 2K
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Facilities: (and supporfing test equipment)

Major Facilities - none
Supporting test equipment - $3K
Strain Meassys

/s/ Stanley Podlaseck
Stanley Podlaseck
Dept. 1630, Ext, 4211

Approved: /s/ W. F. Barrett
W. F. Barrett
Department Manager
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Structure SRT No. S=2
Task Title: Composite Joint Study

Statement of Problem: The between-tank skirt may be a light=
weight sandwich structure with composite faces and a honeycomb
core or other composite construction. It has to be attached to
all metal lightweight propellant tanks. Conventional attach-
ment methods are unsuitable because they require heavy close
‘outs and lands and have poor load transfer characteristics for
thin structure. New approaches to the joint configuration must
be investigated.

Objective: To develop a joint configuration to transfer load
across the skirt/propellant tank interface suitable for extra
lightweight structure,

Approach: Joint configurations will be conceived to accommodate
skirt structure that may be honeycomb sandwich, stiffened com-
posite, or composite reinforced metal, Configurations will in-
clude all-bonded, bonded with mechanical fasteners, and mechanical
fasteners only. Each design will go through an optimization

study to achieve the lightest weight. Weight calculations will
include the effect on the skirt and tanks of the requirements

of the joint. Several small scale specimens of two of the most
promising designs will be made and tested under simple and com-
bined loadings. One concept will be chosen based on weight only.

Schedule: 12 month time span; Concepts complete; Optimization
complete; Completion specimen fab; Completion specimen test;
Final Report

Budget: 18 manmonths, $10K material

Facilities: None

/s/ Arthur Feldman
A, Feldman
Dept. 1631, Ext. 4153

Approved: . /s/ W. F. Barrett
W. F. Barrett
Department Manager

A-90




VOLUME 5.0

SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY

Subsystem: SRT No. S=-3
Task Title: TFailure Analyses for Composite Structures

Statement of Problem: The lack of ductility in composite mater-
ials prohibits using plasticity at ultimate load in joint design.

Failure analyses for bonds, joints, and fiber-matrix interfaces
are crude or non-existent.

Objective: To develop failure analysis methods for composite
interfaces, bonds, and joints,

Approach: "Perform detail analyses of joints, etc., with refine-
ments as necessary to achieve correlation with test results.

Establish significant variables in bonds, joints, and inter-
faces and required levels of analysis,

Schedule: 18 months time span
Budget: 5 man years; computer time

Facilities: Large Scientific digital computer

/s/ A. A, Holston, Jr,
A, A, Holston, Jr.
Dept. 0436, Ext. 4607

Approved: /s/ R. G. Morra
R. G, Morra
Department Manager
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: SRT No, S=4
Task Title: Finite Elements for Composite Structures

Statement of Problem: Better analysis methods are required.

The material is very brittle and unforgiving of high local stresses
overlooked by simplified analyses. Furthermore, it is anisotropic
and the resulting structure is inhomogeneous when it is layered.
Thus, prohibiting simplified analyses,

Objective: To develop finite elements applicable to structures
utilizing composite materials,

Approach: Develop finite plate and shell elements with coupling
between bending and stretching, anisotropic material properties,
and inhomogenity. Incorporate these elements in finite element

structural analysis computer programs.

Schedule: 18 months time span

Budget: 6 man years; computer

Facilities: Large Scientific digital computer

/s/ A. A. Holston, Jr.
A. A, Holston, Jr,.
Dept. 0436, Ext. 4607

Approved: /s/ R. G. Morra
R. G. Morra
Department Manager
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Structure SRT No. S=5
Task Title: Composite Honeycomb Assurance

Statement of Problem: Identification of fabrication anomalies
and criticality in composite structures,

Objective: Determine criticality of fabrication anomalies and
identify methods for nondestructive detection and evaluation.

Approach:

1, Fabricate component elements containing typical fabrication
anomalies (unbonds, crushed core, marcels, wrinkles).

2. Establish nondestructive evaluation method sensitivities
and test requirements. Candidate nondestructive methods
include: sonics, ultrasonics, thermal, holographic and
X-ray inspection.

3., Test component elements to establish criticality., Monitor
by acoustic emission techniques.

4, Analyze data and determine baseline nondestructive accep-
tance methods and acceptance criteria,

5. Fabricate a component with interacting joints. Evaluate and
status by nondestructive methods. Test component to verify
acceptance criteria and interactions.

6. Repeat component evaluation cycle during structures quali-
fication.

Schedule: 14 month time span

1. Component elements fabrication complete.
2. Component elements evaluation complete,
3. Component elements test complete,

4, Data analysis complete,

"5, Component fabrication complete.

6. Component test and analysis complete,
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Budget: 36 manmonths, $6K materials

Facilities: Sonic Resonance Unit, $6K

/s/ Ward D. Rummel

Ward D. Rummel
Dept. 0629, Ext. 2130

Approved: /s/ 0. D. Giltner for

R. B. Davis
Department Manager
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Structures SRT No, S=6
Task Title: Honeycomb Core Optimization
Statement of Problem: The between-tank skirt may be a light=-

weight sandwich construction with honeycomb core. Before this
construction can be designed for lightest weight, the core must

. be optimized. New materials are available which have not been

used extensively in core before and present configurations may
not be the most efficient for them.

Objective: To develop the most weight efficient honeycomb con-
figuration for the sandwich construction in the between tanks
skirt.,

Approach: Honeycomb material in isogrid, hexagonal, and flex~
core styles will be obtained of aluminum, graphite/epoxy, fiber-
glass/epoxy, and titanium. Appropriate ranges of wall thickness
and cell size will be tested under shear and compression loads.
That combination of material and geometric arrangement having
the least weight and capable of carrying the applied loads will
be proposed for use in the inter-tank skirt,

Schedule: 9 months time span
Budget: 15 manmonths; $6K material

Facilities: None

/s/ Arthur Feldman
A. Feldman

Dept. No. 1631, Ext. 4153

Approved: /s/ W. F. Barrett
W. F. Barrett
Department Manager
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY

Subsystem: Tug Structure SRT No. S-7
Task Title: Lightweight Shell Structures

Statement of Problem: The high mass fraction required for Space
Tug makes it necessary to minimize structural weight. This can
be done by identifying general types of lightweight structures
such as skirt or tank shell sections and engine and equipment
support trusses, and by initiating design optimization, fabrica-
tion, and test programs early in the overall Space Tug master
schedule plan. It is mandatory that materials and structural
concepts considered for use in these development programs are
not prejudged before they are fully evaluated for the specified
design requirements.

Advances in the state-of-the-art of advanced fibrous composites
in the areas of raw material processing, improved analysis
methods, and fabrication techniques make materials such as
graphite/epoxy and boron/epoxy leading candidates for incorpora-
tion in the design of lightweight shell structures.

Objective: A specific space structure, the Space Tug between
tanks skirt, will be evaluated to determine the feasibility of
using advanced fibrous composites in the design of lightweight
space vehicle structure. The desirability of a fibrous compo-
gite skirt will be demonstrated by the fabrication and test of
a full scale skirt. Successful structural test of the skirt
structure will verify design and analysis techniques. Final
selection of a fibrous composite material to be used will be
made following vacuum effects testing of candidate materials.,
Successful completion of the proposed program should result in
a skirt structure which is approximately 25 percent lighter than
a skirt designed using conventional metals.

Approach: The proposed work will be divided into three phases:
Phase I - Concept and Material Evaluation. Design and Analysis;
Phase II - Component Fabrication and Test; and Phase III - Full
Scale Skirt Fabrication and Test. The approach to be followed
during each phase is outlined below.

Phase I - Concept and Material Evaluation, Design and Analysis -
The skirt structure will contain one or more types of fibers, an
organic matrix material and a metal, The fibers will be chosen
for their strength, stiffness, magnetic and thermal characteris=-
tics, the matrix for its outgas stability and maximum temperature
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capability, and the metal for its bearing strength and thermal
characteristics.

High modulus graphite/epoxy material has the highest stiffness/
density ratio of the candidate structural materials and is there-
fore the leading candidate for this particular application.
Long~time dimensional stability of graphite/epoxy composites,
however, may not be compatible with the requirements of Space
Tug. The amount of stress-relaxation combined with the possible
volume change of the epoxy matrix due to low levels of degassing
for long time periods is an unknown. Since the dimensional
change requirements are beyond the limits of sensitivity of con-
ventional displacement transducers and optical devices, a method
incorporating the interferometric method of measuring displace-
ment will be developed. This method will be used to measure the
dimensional changes of specimens exposed to high vacuum at a
variety of temperatures. Using the method of time-temperature
exchange, the long-time dimensional stability of the candidate
material will be predicted for the full 10-year mission.

Attachment techniques (i.e., adhesive joints) are also subject
to the questions of strength and creep. Adhesive joint designs
will be subjected to tests determining long-term creep and
strength.

Phase ITI - Component Fabrication and Test -~ The most promising
components designed during Phase I will be built to demonstrate
proposed fabrication techniques. Consideration will be given to
mandrel design, lamination methods, vacuum bagging technique,
and cure cycle to assure high quality, defect-free final com~
ponents, Fabrication methods will include conventional metal
machining, composite lamination, filament winding and adhesive
bonding.

The components will be structurally tested to determine strength
and stiffness,

Phase III - Full Scale Skirt Fabrication and Test - Successful
completion of the Phase II subsize panel program will be followed
by fabrication and test of a 10-foot diameter, 6-foot high cylinder
to be instrumented and tested in combined torsion and axial com-
- pression.

Schedule: 22 months time span
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Budget: 15,000 manhours; $20K material and hardware

Facilities: None

/s/ J, Parham

J. Parham
Dept. 0436, Ext. 3773
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY

Subsystem: Materials SRT No. S=8

Task Title: Fracture Toughness Investigation of Thin Gage
Titanium 6A1~4V

Statement of Problem: In order to do a thorough fracture con-
trol analysis on the main propellant tanks, data is needed in

the gages being considered (0.018" min.). There is very little
" data available in these proposed gages. Also toughness data
will be determined for premium grade alloy that has recently
become available,

Objective: To develop fracture toughness data for Ti-6A1-4V
in several gages (0.018" to 0,054'"), This includes Kics Krys
and da/dN data for both parent and weld metal. Both regular
grade and premium grade material will be evaluated,

Approach:

1. Develop specimen configuration and flawing techniques.

2. Run plane~strain toughness (KIC) tests on several gages.

3. Determine Kpy values for various thicknesses looking at
N204, A-50, and MMH,

4. Run da/dN specimens,

5. Make all the data available for use with existing and pro-
posed computer programs.,

Schedule: 18 month time span
Budget: Manpower -~ 50 manmonths
Material - $30K
Computer Time =~ 20 hrs.
Facilities: None
/s/ D. A. Bolstad

D. A, Bolstad
Dept. 0436, Ext. 2434
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Propulsion ' SRT No. S-9
Task Title: Composite Helium Pressurization Vessel

Statement of Problem: Pressurization of the propulsion system
requires helium holders of 8 cu. ft. capacity with an operating
pressure of 3500 psi. Significant weight can be saved if these
vessels are built of composite overwrapped on a metal liner.
However, vessels this size have not been built before of the pri-
mary candidate materials, that is, graphite/epoxy or PRD-49/eposy.

Objective: To design and develop the manufacturing process for
a composite overwrapped pressure vessel for the helium holders
on Tug.

Approach: An existing computer program will be used to design
the vessel in both graphite/epoxy and PRD-49/epoxy using published
material properties. The most efficient design will be built
and proof tested. Results of a companion effort on developing
a metal liner will be used to provide the necessary liner. If
that technology is not available at the appropriate time, an
elastomeric liner will be used. An elastomeric liner is suffi-
cient to demonstrate the structural capability of the overwrap,
but not the long time storage capability. If a metallic liner
is available, then a prototype vessel will be built and tested
to failure or 100 cycles at the operating pressure with dwell
times corresponding to mission requirements.

Schedule: 9 months time span
Budget: 12 manmonths, $25K material

Facilities: Nome

/s/ Arthur Feldman
A. Feldman
Dept. 1631, Ext. 4153

Approved: /s/ W. F. Barrett
W. F. Barrett
Department Manager
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SPACE TUG SUPPORTING RESEARCH & TECHNCLOGY
Subsystem: Structures - Pressurization System SRT No. S-10

Task Title: Crack Detection Sensitivities for Thin Gage Tank
Liners and Joints

Statement of Problem:

Objective: To determine the threshold crack detection sensiti-
vities for thin gage tank liners and joints.

Approach:

1, Fabricate test specimens containing cracks of known sizes.

2, Evaluate specimens by X-ray, ultrasonic, eddy current, pene-
trant and holography to determine detection sensitivity and
reliability.

3. Proof test specimens and monitor by acoustic emission.

4., Fracture specimens and analyze data.

5. Fabricate subscale overwrapped tanks containing known cracks,

6. Evaluate tanks by X-ray, ultrasonic, eddy current and holo-
graphy to determine detection sensitivities.

7. Proof test tanks and monitor by acoustic emission to crack
criticality.

8. Analyze data.
Schedule: 18 month time span

. Specimen fabrication
. Nondestructive evaluation

. Proof test, fracture and data analysis

1

2

3

4, Subscale tank fabrication

5. Nondestructive evaluation of tanks
6

. Proof test, fracture and data analysis
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Budget: 24 manmonths, $4K material
Facilities:
Eddy current flow

Detector for low conductivity
Materials - $5K

/s/ W. D, Rummel

W. D. Rummel

Approved: /s/ 0. D, Giltner for

R. B. Davis
Department Manager
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_SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY

Subsystem: Structures SRT No. S-11
Task Title: Analytical Methods for Composite Pressure Vessels.

Statement of Problem: Composite pressure vessels with metal
liners offer significant weight savings for high pressure app-
lications. However, available analysis methods are crude and
- do not correlate well with test data. They use "netting" analy=
sis, empirical liner buckling, bi-linear stress-strain, etc,

Objective: To develop improved analyses methods for composite
pressure vessels with liners.

Approach: Develop analysis for buckling of overwrapped liner.
Formulate analysis of composite pressure vessels using shell
theory, plasticity theory for liner, and anisotropic failure
criteria for overwrap. Develop computer programto implement
analysis.

Schedule: 18 month time span

1. Buckling analysis
2, Improved pressure vessel analysis
3. Computer program

Budget: 4 man years
Computer time

Facilities: Large Scientific Digital Computer

/s/ A. Holston, Jr.
A, Holston, Jr.
Dept. 0436, Ext. 4607

Approved: /s/ R. G. Morra
R. G. Morra
Department Manager
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Structures (Propulsion) SRT No. S-12
Task Title: Liner Bonding for Helium Pressurization Vessel

Statement of Problem: A composite helium pressurization vessel
for the propulsion system requires a metal liner to provide the
low leak rates associated with long time storage. Weight effi-
ciency demands that this liner be thin, which makes it suscep-
tible to buckling upon vessel unloading. Compression stresses
can be induced on unloading if there is any yielding during
pressurization. Buckling on each unloading cycle will reduce
the cyclic life as it increases the probability of cracking of
the liner material. The only way to prevent buckling is to bond
the liner well enough to the overwrap so that the overwrap pro-
vides support in the event of compression in the liner. The
bond line is subjected to a combination of shear and tensile
stresses when there is a tendency for the liner to buckle.

Approach: A specimen configuration will be developed to pro-
vide an appropriate stress state in the bond line between a thin
sheet of metal, probably aluminum, and a piece of graphite/epoxy
composite. The stress state to be modelled is that which exists
when the liner is subjected to compression during depressuriza-
tion of the vessel., Specimens will then be made using several
different adhesives, including the resin system in the composite,
and after several different cleaning treatments of the liner
material. Fatigue tests will be performed to operating pressure
for at least 100 cycles. That combination of adhesive and
cleaning technique with the best performance will be incorporated
into subscale vessels for cyclic testing under internal pressure.

Schedule: 11 month time span
Specimen Design & Fixture Design Subscale Vessel Tests
Specimen Tests Final Report
Subscale Vessels Fabricated

Budget: 12 manmonths, S$4K material

Facilities: None

/s/ Arthur Feldman
A. Feldman
Dept. 1631, Ext. 4153

Approved: /s/ W. F. Barrett
Department Manager
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Structures (Propulsion) SRT No. S-13

Task Title: Liner Manufacturing for the Helium Pressurization
Vessel

Statement of Problem: A composite helium pressurization vessel
for the propulsion system requires a metal liner to provide the"
low leak rates associated with long time storage. Vessel effi-
ciency demands that this liner be thin. A manufacturing process
must be developed to provide 25 to 30 inch diameter metal vessels
in an oblate spheroid configuration with a wall thickness of 6

to 20 mills. Leak proof welds to heavy end bosses must be in-
corporated.

Objective: To develop a manufacturing process for the metal
liner of the composite helium pressurization vessel,

Approach: The need for light weight supports the choice of
aluminum for the vessel liner material., Various welding tech-~
niques and configurations such as roll seam, electron beam, butt,
butt with doublers, lap, etc., will be tried on small pieces of
the liner material. The promising approaches will then be used
to make one or more full scale liners.

Schedule: 8 month time span
Budget: 13 manmonths, $4K material
Facilities: Electron Beam Welder
/s/ Arthur Feldman

A. Feldman
Dept. No. 1631, Ext. 4153

Approved: /s/ W. F. Barrett
W. F. Barrett
Department Manager
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f SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY

Subsystem: Structures - Pressurization Tank SRT No. S~-14
Task Title: Composite Overwrapped Tank Assurance

Statement of Problem: Identification of fabrication anomalies
and criticality in composite overwrapped tanks.

Objective: Determine criticality of fabrication anomalies and
identify methods for nondestructive detection, characterization
‘and evaluation of composte overwrapped tanks.

Approach:

1. Fabricate subscale tanks containing fabrication anomalies.
(unbonds, low strength, broken fibers)

2. Establish sensitivities of nondestructive evaluation methods.
Methods include: sonics, ultrasonics, thermal holographic

and x-radiographic techniques.

3. Test subscale tanks to established criticality of anomalies.
Monitor test by acoustic emission.

4, Analyze data and determine baseline nondestructive acceptance
methods and acceptance criteria,

5. Fabricate prototype tank containing known anomalies.

6. Evaluate and status tank by nondestructive evaluation methods.
Monitor and analyze proof test by acoustic emission.

Schedule: 11 month time span

o« Subscale tank fabrication
. Nondestructive evaluation
. Subscale tank test

. Data analysis

U P O DN

. Prototype tank analysis

Budget: 36 manmonths, $4K materials, $10K tanks
Facijities: mnone

/s/ Ward D. Rummel

Ward D. Rummel
Dept. 0629, Ext. 2130
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Structures (Propulsion) SRT No. S-15
Task Title: Propellant Behavior in Elastic Tanks

Statement of Problem: Most of the present methodology is not
capable of handling propellant slosh and tank deformation due

to propellant forces in slanted or asymmetric tanks. The prob-

. lem is aggrevated if baffles are installed. Because of thin

skin gauges of the tank walls and domes, the fluid/structural
interaction is of considerable importance in defining the loads

on the structures and the propellant motion for stability analyses.

Objective:' Develop an efficient computer program compatible
with the finite element approach to the solution for the natural
modes

Approach: Review present approaches available, investigate their
applicability to the solution of this problem and propose the
most efficient approach modified as required.

Schedule: 16 month time span
Phase I Approach Selection
Phase IT Program Setup and Coding

Phase III Demonstration Problems

Budget: 20 manmonths engineering manpower
10 hrs CDC 6500 or equivalent computer time

Facilities: CDC 6500, Univac 1108 or IBM 360 Mod. 95 or equiv.

/s/ G. Morosow
G. Morosow
Dept. 0433, Ext. 3956

Approved: /s/ R. G. Morra
R. G. Mora
Department Manager

A-107



VOLUME 5.0

SPACE TUG SUPPORTING RESFARCH & TECHNOLOGY

Subsystem: Structures SRT No, S-16

Task Title: Analytical Method for Docking and Capture of
Elastic Spinning Satellites

Statement of Problem:

Objective: Computer programs were developed during the Skylab
program to handle the dynamics and the ensuing motion of two
elastic bodies. This approach must be extended to handle a case
where one body is spinning.

Approach: Review available approaches and computer programs,
select the most general one and extend to handle the spinning
case,
Schedule: 16 month time span

Phase I Method Definition

Phase II Computer Program Development

Phase III Demonstration and Documentation

Budget: 30 manmonths, 15 hrs. CDC 6500 or equivalent

Facilities: None

/s/ G. Morosow
G. Morosow
Dept. 0433, Ext. 3956

Approved: /s/ R. G. Morra
R. G. Morra
Department Manager
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APPENDIX A

4,5 MANUFACTURING

(M-1 thru M-4)
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MANUFACTURING SRT

TITLE & DESCRIPTION MM/$ SCHEDULE

Improved Weld Technology - Domes and  16MM/$10K 18 Mo,
Barrels

1. Segments (1/8)
- Tool
- Fab
2. Weld Land Width/Thickness
- Geometry
Filler
Weld °
Stress Relieve (1100 F)
- Evaluation
3. Land Reduction After Weld
- Geometry
- Weld
Stress Relieve
Reduce =~ Material
Evaluation
4, Intersection Configuration
- Geometry
- Weld
- Stress Relieve
- Evaluation
5. Repair - (Land Requirements)
~ Preparation .
~ Weld
- Evaluation
6. Penetrations-(Land/Configuration)
- Geometry
- Stress Relieve
- Evaluation

Composite Structure Development 19MM/$10K 18 Mo.

Note: Tasks 1 and 2 of M-2 will be
joint efforts with Engineering Develop~-
ment and Advanced Manufacturing Tech-
nology in regard to Tasks S-1, S-4,
S-28, S-29, S-21 and S-324 to develop
techniques which can be translated

into actual, cost-effective manufac-
turing techniques.
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NUMBER TITLE & DESCRIPTION MM/$ SCHEDULE

M=-2 1., Material
(Cont) Select Candidates
Evolve Layup Technique
Fab. Specimens
Evolve Inspection Techniques
Test and Analyze Results
- Select Material
2, Geometry ]
- Establish Preliminary Joint
Configuration
- Evolve Inspection Techniques
-~ Fabricate Segment Models & Test
- Document Layup Technique
(Preliminary Process)
- Document Tooling Approach
(Report)
3. Modification and Repair
- Fab., Test Specimens with Defects
- Inspect
- Test
- Evaluation
- Fab. Segment Models with Defects
- Inspect
- Test
- Evaluation
- Repair Segment Models Above
- Inspect
- Test
-~ Evaluate and Report - Inspection
Process and Repair Technique

M-3 One-Piece Dome Fabrication - 2219 36MM/ 15K 18 Mo.
Aluminum and 6-4 Titanium '

1. Vendor Capability Evaluation

- Spinning

- Explosive Forming

- Bulge Forming

- Select one
2. Development Contract (Sub Scale)

- Design Parameters

- Die Design and Fabrication
Development Pieces & Evaluation
Cost Study & Production Study
Make full-scale Prototypes
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M-3
(Cont)
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TITLE & DESCRIPTION MM/$ SCHEDULE

OPTION

3. Development Contract Machining
- Select Vendors and Provide for
Transportation
- Tolerance Control and Contour
Control
- Select Time of Heat Treatment
for Machining Sequence Inter-
ruption
- Extrapolate to Full Size
~ Make Full Size
4, Fabrication
- Develop Final Sequence Based on
Forming & Machining, Chem. Mill
and Conventional Machining
- Develop Physical Handling and
Tool Concepts

Screen Surface Tension Device - 11MM/$10K 18 Mo.
Development and Incorporation into
A Tank

Note: Tasks 1 and 2 of M-4 will be
joint efforts with Engineering Develop-~
ment and Advanced Manufacturing Tech-
nology in regard to Tasks P-6, P-7,
P-12, P-15, and P-16 to develop tech-
niques which can be translated into
actual, cost-effective manufacturing
techniques.

1. Screen Device

~ Sample Screen Material to
Develop Weld Parameters

-~ Sample Screen Material for
Tensile Specimens

- Sample Screen Material for B/P
Specimens.

- Resistance Weld Para Dev. Four
Screen Tubes

- Screen to Non-Screen Joining
(Samples)

- Screen to Non-Screen Joining
(Interfaces)

- Develop Sample Screen Trap

=~ Develop Assy, Techniques Two
Complete Screen Devices
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M-4
(Cont)
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TITLE & DESCRIPTION ‘ MM/$ SCHEDULE

OPTION

Tank Construction and Installation

- Develop Weld Schedules in
Chamber - Out of Chamber

- Fusion Weld Tensile Specimens

- Develop Tank to Dome Weld
Specimens

~ Develop Tank Weld Tooling
Philosophy

- Develop Assy. Techniques - Two
Complete Tanks

- Radiographic Testing and NDT

- Proof Testing

Manufacturing Tooling Development

and Definition

- Mandrels for Screen Tube
Forming

- Electrodes for Screen Tube
Welding

- Tooling to Fabricate Outlet
Screen Trap

- Tooling for Positioning Screen
Trap

- Details for Welding

- Detail Bubble Point Test Fixture

- Assembly Bubble Point Test
Fixture

- Weld Tooling for Outlets in
Dome Caps

- Internal/External Dome to Barrel
Weld

~ Tooling

- Adapter Tooling for Close-Out
Weld

~ Modification of Titanium Weld
Chamber for Circumerentia
Welding (Blue Goose)

- 500 Watt Second Capicitor Dis-
charge Welder
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SPACE TUG SUPfORTING RESEARCH & TECHNOLOGY
Subsystem: Thermal Control SRT No, T-1
Task Title: Reusability of Multi-Layer Insulation (MLI)
Statement of Problem: The reusability of MLI must be established

for its application on Tug. The number of use cycles affects re-
furbishment time, cost, and Tug weight.

Objective: 1) Describe use cycle and identify the most injurious
environments; 2) Setup and perform relative performance tests,
with these enviromments, for candidate MLI materials; 3) Fabri-
cate MLI blankets from best candidate materials and perform
initial thermal conductance test, and 4) Expose MLI blankets to

4 blocks of 25 use cycles and measure thermal conductance after
each block.

Approach: Define the thermal conductance degradation curve vs
number of cycles., Two configurations will be tested: a) large
MLI blanket, and b) MLI wrapped ACS propellant line.

Schedule:

Completion objective: 1) 3 mo. ATP 3) 10 mo, ATP
2) 5 mo, ATP 4) 18 mo, ATP

Budget: 48 manmonths, Engr., 24 manmonths Lab. Techs.,
$15K Material

Facilities:

Environment Chamber

Vacuum Chamber

Dynamic Test Facility

Large Cryogenic Calorimeter
Engine Bell Simulator

/s/ R. 0, Hartung

R. O, Hartung
Dept. 0444, Ext. 4203

Approved: /s/ J. H, Kidd for R, J. Farrell

Department Manager
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Thermal Control SRT No, T=-2

Task Title: Reusability of Tug Coatings

Statement of Problem: Thermal control coating life must be es=-
tablished for Tug application. Reusability and refurbishment
qualities will affect Tug turnaround time and operational costs.
Poor coating durability could actually require additional Tugs

in order to allow for extensive refurbishment times. Notice that
previous coating development has been for one time application.

Objective: 1) Select candidate coatings. 2) Design an accelera~
ted life cycle test to simulate Tug conditions, 3) Determine
candidate performance by test, 4) Develop refurbishment tech-
niques for compatibility with Tug operations requirements,

Approach: Currently available coatings will be used for candi-
date selection., Already available life data relating to certain
segments of the test cycle may be available and the test cycle
will be modified accordingly.

Schedule:

Objective: 1) 4 mo., ATP 3) 18 mo, ATP
2) 5 mo, ATP 4) 18 mo. ATP

Budget:

48 manmonths Engr.
28 manmonths Techs.
$25K material

Environment Chamber
Vacuum Chamber
Reflectometer

Emissometer
Dynamic Test Facility

/s/ R. O. Hartung
R. 0, Hartung
Dept. 0444, Ext, 4203

Approved: /s/ J. H, Kidd for R, J, Farrell

Department Manager
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SPACE TUG SUPPORTING RESEARCH & TECHNOLOGY
Subsystem: Flight ‘ SRT No, F-1
Task Title: Operability Analysis

Statement of Problem: Analyses of this nature have been per-
formed too late on previous programs and therefore have been
ineffective in achieving optimum operability and compatibility
with ground system (networks).

Objectives/Approach:

l. Candidate Tug system designs will be evaluated for operabi-
lity during the design development stages so that appropriate
modifications can be readily incorporated. Recommendations
will be made to improve ease of monitoring and control and
enhance flexibility for crew (Shuttle) and ground (network)
operations as applicable, Interfaces with the orbiter and
the payloads will be assessed for monitoring and control
functions,

2, Flight operations planning and handling/processing require-
ments of the on-board systems will be compared with both NASA
and DOD ground system capabilities to verify compatibility.
Alternatives will be considered for maintaining an operational
network during transition from present programs to the Shuttle
era and tradeoffs affecting expansion of STC facilities and
network for Shuttle Orbiter usage from safety and compatibility
aspects,

3. Crew roles will be developed and optimized for the following
functions:

a) Tug systems checkout prior to release from Shuttle
b) Payload placement/retrieval
c) Rendezvous and docking of stages or with Shuttle

This role is important to provide flexibility for ease of
monitoring and control and to provide for human factors
aspects to be incorporated early in the design for cost
effectivity.

A plan will be generated for use of mock=-ups, trainers and
simulators. Soft mock-ups have been used effectively in
early phases of previous programs and the use of Crew Sta-
tions trainers and docking simulators are considered cost
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effective by reducing crew training requirements for the
numerous tugs envisioned.

Schedule: 18 months

Budget: a) 135 man months
b) 120 man months
¢) 162 man months

/s/ B, S. King
B. S. King
Dept. 0492, Ext. 4141

Approved: /s/ T. Sulmeisters
T. Sulmeisters, Chief
Flight Operations
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APPENDIX B

DETAILED RELTABILITY ANALYSIS
WORKSHEETS, ANALYSIS
ASSUMPTIONS AND EXPLANATIONS
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Bl1.0 ANALYSIS ASSUMPTIONS

Bl.1 The basic analysis was done on two basic missions: (1) the 6 day
roundtrip (deploy/retrieve) geostationary mission; and, (2) the 2 day deploy
geostationary mission. All other mission reliabilities have been extrapolated:
from the above analysis at the subsystem level.

Bl.2 The analysis includes, for each mission, an additional period of
24 hours to account for the time which may be spent in the orbiter; after
orbiter orbit insertion.

B1.3 The following mission assumptions have been made for the reliability
analysis.

a. Option 1 - Geostationary Deployment Mission
Duration - 60 hours (including 24 hours in the orbiter)
Number of main engine burns - 6

b. Planetary Deployment Mission, Options 1, 2 and 3 .
Duration - 60 hours (including 24 hours in the orbiter)
Number of main engine burns - 6

¢c. Polar Deployment Mission, Options 1, 2 and 3

Duration - 38 hours (including 24 hours in the orbiter)
Number of main engine burns - 6; Drop Tank Life (Stage and %) -
32 hours

d. Mid-inclination Deployment Mission, Options 1, 2 and 3

Duration - 60 hours (including 24 hours in the orbiter)
Number of main engine burns - 6; Drop Tank Life (Stage and %) =~
32 hours

e. High Energy Planetary Mission (Expendable mode), Options 1, 2
and 3

Duration - 31 hours (including 24 hours in the orbiter)
Number of main engine burns - 2; Drop Tank Life (Stage and %) =~
25 hours

f. Options 2 and 3 - Geostationary Deployment Mission

Duration = 72 hours and 168 hours (each including 24 hours in
the orbiter)

Number of main engine firings - 6 (in each case); Drop Tank Life -
32 hours
g. Options 2 and 3 - Dedicated Deploy Mission

Duration - 126 hours (including 24 hours in the orbiter)

Number of main engine firings - 6; Drop Tank Life (Stage and %) -
48 hours
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h. Options 2 and 3 - Geostatinnary Roundtrip (Deploy/Retrieve)
Mission '

Duration = 72 hours and 168 hours (each including 24 hours in
the orbiter) :
Number of main engine firings - 8; Drop Tank Life (Stage and %)
32 hours

i. Options 2 and 3 - Polar Deploy/Retrieve Mission

Duration - 43 hours (including 24 hours in the orbiter)
Number of main engine firings - 8; Drop Tank Life (Stage and %)
32 hours

j. Options 2 and 3 - Dedicated Retrieval Mission

Duration - 60 hours (including 24 hours in the orbiter)
Number of main engine firings - 8; Drop Tank Life (Stage and %)
35 hours

k. Options 2 and 3 - Mid-inclination Deploy/Retrieve Mission

Duration - 72 hours (including 24 hours in the orbiter)
Number of main engine firings - 8; Drop Tank Life (Stage and %)
32 hours

Bl.4 An environmental factor of one (1) had been used throughout the analy-
sis for all subsystems except:

a. Controls Subsystem - Used and environmental factor of fifty (50) -
since that subsystem operates only during main engine firings.

b. Engines - Although no specific environmental factor has been
applied to the analysis of the engines it is believed that the data used in the
analysis includes an environmental factor greater than one (1) as the data used
was compiled specifically for Rocket engines.

The rationale for using one (1) as an environmental factor is that
all but 50 minutes of each mission is quiescent (including boost).

Bl.5 Specific assumptions have been used in the various subsystem analyses

and those assumptions can be found in the paragraphs which follow for each sub-
system,
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Table C-3 MITAS Input for Geosynchronous Tug
Thermal Model Without MLI
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REMOTE MANNED SYSTEM VISUAL DOCKING CONTROL EVALUATTION

The effects of transmission delays, control modes and visual
aids on Tug docking (300 feet to contact) controlled manually from
a ground based station were evaluated using the MMC Space Operations
Simulation Facility. The simulation technique (Figure D-1) utilizes
a 6 degree-of-freedom servodriven, moving base simulator to gener-
ate the relative dynamic conditions between a Tug vehicle and a
target. A television camera mounted on the moving-base gimbal sys-
tem viewed a target at the end of the simulator room. A pilot ob-
served the simulated docking scene on a monitor at a control con-
sole (Figure D-2) located in an adjacent room. Range and range-
rate were displayed on an adjacent monitor.

The pilot determined his closure corrections by observing,
relative to a reticle on the television monitor, the target motion
at longer ranges and the docking visual-aid motion at closer ranges.
Apollo rotational and translational controllers were used to gen-
erate Tug vehicle commands. Servo commands for the moving base
simulator were computed using the Tug vehicle commands as inputs
to a math model of the problem dynamics. Relative motion between
the Tug vehicle and the target was simulated in this manner.

The simulation was conducted in two phases: Phase I Static
Alignment and Phase II Dynamic Docking.

Phase I - Static Alignment

The objective of the static alignment phase was to determine
the pilot's ability to determine the closure guidance errors as a
function of: range to target, transmission delays, and visual
aids (3 types). At a series of designated ranges the pilot per-
formed stationkeeping maneuvers while aligning the Tug vehicle as
accurately as possible to the docking axes of the target using the
docking visual aid. Three visual aids were investigated: a stan-
dard Apollo type standoff '"tee', a large Apollo "tee" (twice the
standard "tee" size) and an Apollo/Soyuz standoff "box". During
these runs the pilot used rate control in both translation and
rotation. The effect of a five-second video delay was also in-

vestigated. Control loop limit cycle and fuel slosh effects were
not included.

The docking alignment errors (vertical, lateral, pitch, yaw
and roll) as a function of range are shown in Figure D-3 thru D-7.
The results shown that the Apollo docking requirements are readily
met at the contact point for all the visual aids investigated -
even with video delay. For attitude, the alignment errors were

D-2
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within the 10 degree Apollo docking values from within 100 feet.
For lateral and vertical alignment, the errors were within the 1-
foot Apollo docking value from about 60 feet on in for the worst
case. This data shows that the visual aids investigated provide
more than adequate sensitivity for guidance error determination
under the conditions investigated. Also, the video delay did not
create appreciable degradation. However, the pilots did utilize
more time to perform the stationkeeping maneuvers with the 5 second
video delay.

Phase II Dynamic Docking

The objective of the dynamic docking phase was to measure
the pilot's ability to perform the docking maneuver as a function
of: translation control mode (acceleration and rate) and transmission
delays (5 second video and 2.4 second range and range-rate). In this
phase the pilot performed the closure maneuver in a manner sim-
ilar to that used on Apollo. He was instructed to maintain a
range-rate profile of +0.5 ft/sec. + 0.2 ft/sec. The docking
terminal conditions plus maneuver times, are shown in Table D-1.
Apollo docking requirements are also shown for comparison pur-
poses. The Apollo docking requirements were met for all runs.
However, time and operator work-load did increase significantly
when the 5 second video delay was introduced. It was concluded,
for the translation acceleration mode with delay, that the Apollo-
type closure profile was not acceptable. The pilot's performance
was too marginal - even though the terminal conditions were not
greater than for other runs. When the pilots were allowed to
perform a standoff maneuver at about 20 feet, they could readily
keep the docking maneuver under control. The conclusions of the
study are summarized in Table D-2.
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SUMMARY

A redundancy scheme tentatively selected for the current
configuration of the Space Tug avionics is a dual redundant concept
called "pilot/copilot'". Experience with this concept at Martin
Marietta has found it efficient and workable, Detailed tradeoffs
have not yet been conducted on the tug avionics, therefore the final
selection of the redundancy management method could well change as
detailed studies evolve. Until that stage in design the pilot/
copilot method will be considered baseline. The discussion pre-
sented here will be limited to that. This concept utilizes two
computers, both on and each performing identical computations, however,
only one has its output enabled. The other is comparing the com~
putations of each via software. A diagnostic is initiated when the
comparison check fails, This diagnostic is essentially a self
check of both computers. Dependent on the outcohe of that self test,
control may or may not be transferred. The delay in recovery from
a failure is the length of that self test which can be anywhere from
10 to 600 ms depending on the complexity of the self test, Studies
have shown that the effectiveness achieved in finding failures with
a self test can be better than 99%. A major advantage of the pilot/
copilot scheme is that only two rather than 3 computers need be on
to achieve nearly the same immunity to failures that Triple-Majority-

Vote provides.

A penalty in this concept is the additional software required to
provide the cross check comparisons of the computerg computations
and the self test, This penalty depends on how often the cross
check is made and at what level of computation it is made, i.e.,
at many intermediate steps in a computation or once at the end of

a computation. The latter is more desirable as it is less complex

and less time consuming. The preliminary nature of the avionics

systems of the Tug makes finite estimates of the software impact
difficult. However, examination of other programs utilizing pilot/

copllot redundancy management technology indicate that the total

E-3



IT.

VOLUME 5.0

memory requirements should not exceed 2200 words and the amount
of the computation time per cycle should be something less than

309/“sec for this application.

The hardware impact of this concept is minimal. No special-
ized hardware is required. The reconfiguration after failure is

done at the output by straight forward power switching.
DISCUSSION
A. General

The present configuration of the Space Tug Avionics System
employs a central computer system, This system incorporates
redundancy at the module level, i.e., processor, memory, and I/0,
For purposes of explanation the system may be represented as in
Figure 1. The discussion that follows will describe the re-
dundancy management approach of that configuration and rationale
for its selection. It is recognized that the preliminary state
of the tug configuration will undoubtedly result in many changes
to the avionics as time goes by and consequently to its re-
dundancy management concept. The concept, therefore, is detailed
and at times explicit, not for the purpose of conveying a sense
of finality to the selection but rather to allow for an intro-
duction and discussion of other alternatives and options that
may not be applicable now but should be considered as the avionics

configuration evolves.

The computer subsystem, as depicted in Figure 1, is composed
of three general processors (GP), four memories, and 2 CDTC's
(command, data, timing and checkout), the latter being the I/0
to the data busses. The CDTC also has computational or processor
capability, performing limit checks on subsystems, etc. Only
one CDTC is normally on and the other powered down. Of the three
processors, two are on and the third may be off. These two
operating processors and a memory associated with each are working

in what will be referred to hereafter as a pilot/copilot mode.

E-4
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One processor and memory is in control. The other is per-
forming identical computation and checking the pilot but is
not in control until a failure is indicated. This is a re-
dundancy management scheme conceived and patented* at Martin
Marietta with a view toward applying it to digital flight
control systems. It is the core of the redundancy management
approach for the tug computer configuration and is discussed
in detail later. Some of the features considered in selection

of this scheme are:

1. The occurrence of a failure in the operating unit will
result in a very minimal recovery delay (10-600 ms
depending on the depth of the self check employed). This
is opposed to a passive redundancy configuration which has
a more formidable problem in starting and initializing a

redundant dormant computer after a failure.
2. It uses less power than Triple Majority Vote configurations.

3. Alleviates the need for error detection codes, parity

checks, or reinitalization process.
4. Software for both computers may be identical.

The pilot and copilot processors can be thought of as each
having a dedicated memory. This affords some protection
against cross contamination from the other processor's memory
failures. This configuration does not preclude a third memory
being on and shared by both processors, if desired. The third
memory provides a focal point for pilot/copilot cross communica-
tion if desired and can also provide additional storage capa-

bility, particularly for non-critical computations.

The CDTC will normally share the pilots' memory. When control
is transferred from the pilot to copilot the CDTIC memory access
is transferred to the copilot memory. Included in the checking

and cross checking process of the redundancy management concept

*Gary Lovell and Tom E. Conover: Redundant Computer System,
Patent No. 3,444,528, issued May 13, 1969.
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is the identification of any CDTC, as well as GP/memory, failures.

Discrimination between the two will be necessary such that a

faulty CDTC can be shut down and its backup switched in onboard.

The checking function of the redundancy management scheme
is shown in the processor on Figure 1. It could, however, be

provided in the memories if more efficient.

Another impértant facet of an overall redundancy management
concept is that concerned with management of the redundant data
buses and subsystems. There will be software in the avionics
computer system, particularly the CDTC, for this function, how-
ever, its details depend considerably on the subsystems and their
requirements rather than the computer configuration itself.

The relative independence of the key requirements for these two
parts of the overall concept allow for this discussion to be
limited to the computer system redundancy management without

introducing any gross inaccuracies.

Once a failure has been detected and the copilot computer
has completed the mission phase successfully, either onboard
logic, or the ground, will reconfigure the entire system such
that the normal pilot/copilot operation is again established

using the remaining operable modules.

Pilot/Copilot Features

The search for improved reliability has led to the develop-
ment of the pilot/copilot concept for those systems where power
constraints disallow computer majority voting. The pilot/co-
pilot configuration offers significant reliability and fault

tolerance for minimum power requirements,

The pilot/copilot concept falls within the more general class
of parellel processing where two computers perform the same
computational task in synchronism, with the outputs compared for
equality, The distinguishing features of the pilot/copilot

system are:
E-7
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1. Computer cross checks pérform the data comparison and
fault detection task.
2, Self tests identify the malfunctioning computer string.
3. Reconfiguration after a fault is accomplished by select-
ing the remaining operative computer string.
Cross checks consist of each computer monitoring the other's
I/0 outputs. Also, cumulative status tables are compiled and
cross checked at the end of, and possibly during, each compu-
tational cycle. Self tests are entered after cross check
failure and consistsof program check sums, functional diagnostics,
and I/0 wrap-around checks. Reconfiguration is based on the
outcome of self tests, and is achieved by giving control to the

remaining operative string.

The pilot/copilot configuration may be reduced to single
string operation by simpyy de-powering one computer: no signifi-
cant hardware changes are required. This could be a low power
back-up mode, or a ground commanded fall-back mode should the

pilot/copilot fail to recover after a fault.

Typical Pilot/Copilot System Description ~ Figure 2 illustrated the

basic system configuration, consisting of two digital computers and
their corresponding input and output units. Note that the system
outputs are fed back into the input units and that cross communica-
tion exists between the two computers. The cross communication may
be in the form of hardware intercommunication registers, or shared
memory. One system has been arbitrarily designated pilot and the
other copilot. Aside from minor programming differences due to
cross checking, these two systems are identical and perform the same
processing task simultaneously. However, only one will be providing

the actual output at any given time,.
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FIGURE 2. TYPICAL DUAL REDUNDANT CONFIGURATION

Under normal operating conditions, the pilot computer has
complete control with the copilot performing only a monitoring
and cross-check function. Both the pilot and copilot accept
the same inputs, process the data in the same manner, and when

both are functioning properly, generate the same correspond-
ing outputs.

Cross Checks -

In greater detail, the normal cross checking
sequence is as follows:

1. The copilot computer resets the pilot's status word while
the pilot computer resets the copilot's status word at the
commencement of a computational cycle,

2, During the computational phase, at certain key points, seg-
ments of the pilot's status word will be set by the pilot
if the proper criteria have been met. Similarly, correspon-
ding segments of the copilot's status word will be set by
the copllot.

3. At the end of the computational phase, a cross check is
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made on these status words, and also on the computational

output. Actions are taken according to Table 1, and self

test may be initiated on discompare.

The above action places the computers in the position of
being assumed inoperative unless they can prove otherwise, and
as both computers have been processing in synchronism, recovery
problems are minimal. The only delay has been the time re-

quired for self test.

~ The cross check is variable in extent, and depends on system
tradeoffs against control loop timing. The status table may
be only a few words long, or in the limit could mirror an entire
memory. One rather large dual system (CAGE), developed at
Martin Marietta for TIIIM, described at the 1968 Fall Joint
Computer conference required 320 micro-seconds for cross check
servicing. The frequency of cross check is also variable, and

may be performed once or many times per control loop cycle.

Flow charts typical of the cross check function in this
redundancy management technique are provided for a pilot and
copilot computer in Figures 3 and 4. They are representative
of the design in the Lovell, Conover patent. It is unlikely
the same flow would suit the tug application since the cross checks

will be dictated to a great extent by the tug requirements.

Reliability - The reliability of the pilot/copilot system is
dependent on the effectiveness of self test to the extent that

with perfect self test (zero probability of a failure not be-

ing identified by self tests) the pilot/copilot reliability can
rival that of the triple majority vote system. In order to com-
pare the two systems, a graph showing their theoretical reliability
ratios as a function of single string mission reliability and

the probability that a pilot failure is detectable is shown in
Figure 5. From this figure it is evident that detectability of
pilot failure (primarily self test) is the dominate parameter

for highly reliable systems, and because of imperfect detectability,

E-10




VOLUME 5.0

TABLE 1: CROSS CHECK COMPARISONS

FAILURE TYPE

RESULT

Pilot cross check status vector

in.illegal state or never set

d .
Copilot cross check stags vector

in illegal state or never set

Both pilot and copilot status vectors

in illegal state or never set

Pilot and copilot status tables or
output commands not equal at end

of computation cycle.

Pilot output command and status vector
equals copilot output command and status

vector

Copilot detects that pilot status
vector has remained reset and init-

iates self test mode.

Pilot detects that copilot status
vector has remained reset and

initiates self test mode and recoveﬁ/

Possible only with multiple
failures, self test will be
initiated

Indicates computer problem or

I/0 unit failure. Both computers
enter I/0 wrap-around tests

and self test in attempt to
isolate problem and recover

with workable configuration.

This is normal operating mode
and processing continues with-

out self test.
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pilot/copilot is better suited for those users where the mission
reliability of a single string is less than 0.995. The single
string mission reliability for space tug candidates is estimated
at .983. Please refer to reference 1 in the bibliography for

a more detailed reliability analysis.

Self Test Survey - Three study contracts were awarded to three

computer manufacturers (Autonetics, GE, Univac) for the purpose
of determining the optimum methods of self test and test con-

fidence data.

The self checks recommended were 3: check-sum of program
storage memory, functional self check of instruction repertoire,
and, a sentry time (employed in one instance). Each of the con-
tractors computed an effectiveness of better than 997%, as the
probability of detecting any error that might occur in his
respective processor. The self check execution times and
storage requirements are as follows:

1. Functional test - 7 ms maximum execution time, 500 words
program storage. (The Viking Lander self test program grew
to 1000 words storage).

2. Program check-suml- 13 words storage for check-sum program,

100 ms execution time per 4000 words checked.

Software and Hardware Requirements Summary - The pilot/copilot

redundancy management concept relies primarily on software

rather than hardware. There is really no specialized hardware
required to perform redundancy management, such as the voters

in TMR, There is hardware involved, of course, in transferring
output from pilot to copilot but this is straight forward power
switching, as is transfer of control from CDTC #1 to #2. The
major impact then lies in the software area. It can be considered
in two parts., The first is the software impact of the cross

check feature and secondly, the self test. Software is defined
here as the additional memory required and the effect on the

cycle times performing the redundancy management test,
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Since overall design of the avionics and its computer system
is so preliminary credible numbers are virtually impossible to
come by. Discussion of other programs that utilized similar
techniques may provide some perspective on these requirements.
In a survey of several vendors on the subject of self test
schemes, as discussed earlier, it was found the estimates of
storage required ranged from 329 to 466 words. 1In the Viking
Lander computer design, which employed a self test feature, it
was found that the storage required actually approached 1000
words. The time to complete the self check may vary from just
a few milli-seconds to 500 or 600 ms depending on the depth of
the check. For the pilot/copilot scheme this 1s not really
a penalty on normal computation cycle time because the self

check is not employed until a discompare occurs.

The cross check requirement is more intangible than the
self check at this time as it is much more dependent on the
actual magnitude and nature of the tasks the computer will
perform. One data point is the relatively complex ground check-
out system discussed in reference 6. This is a dual processor
(Scientific Data Systems Sigma 7's) scheme employing a version
of pilot/copilot redundancy management. The core required to
perform the total dual processing control and error detection
was 1200 words. The time to perform that cross check was 320

microseconds.

Based on these few data points a very preliminary estimate
for the total concept's memory requirement is something less

than 2200 words and time penalty is less than BZO/us.
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III. EXPERIENCE RESOURCES -

The span of Martin Marietta's experience in computer system
organizations ranges from the conceptual approaches developed under
a fault-tolerance study described to the practical experience of
implementing fault tolerance and redundancy in a contractual hardware
program such as the Viking lander. Other systems are discussed, in-
cluding in-place facilities, flight hardware, and ground support equip-
ment. We have developed software to support all of these systems to
satisfy both contractual and corporation requirements.

Computerized Aerospace Ground Equipment (CAGE) (AF04(695-997) -

CAGE is a data monitoring checkout and launch control system originally
designed for the Titan III MOL Program. During launch control, two
processors act in a dual-redundant mode, both processors receiving and
evaluating all data from the launch vehicle. The system consists of
two XDS Sigma 7 I/0. The CAGE software is extensive. Self-test is
initiated if disagreement between the two CPUs is encountered. It was
found that extensive additions to the on-line operating system software
were required to cope with synchronizing and controlling the dual pro-
cessors.

GCSC Viking Lander (Contract NAS1-9000) - Martin Marietta is cur-

rently procuring the Viking lander guidance control and sequencing com-
puter (GCSC) from Honeywell, Inc. In arriving at the current design a
number of redundancy studies and the Viking mission risk criteria

forced the addition of considerable redundancy to the flight control
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system, The lander computer is block redundant (passive). Each
computer has a variety of interesting features specifically in-
cluded for fault-tolerance considerations.

The computer requirements demanded that at least 95% of all
hardware faults be detectable by a self-test program; a 97 to 99%
detection coverage has been achieved. The computer design was
considerably influenced by this self-test requirement; for instance,
an internal I/0 register wraparound technique was necessary to test
the 1/0, which comprises approximately half of the computer hardware.

Computer error detection hardware was specified to prevent
propagation of transient errors in a noisy environment and to pro-
vide for immediate instruction retry in the event of illegal address,
illegal operation code, or memory parity. I/0 parity errors also
lead to retry under software control. A voltage out-of-tolerance
interrupt is accumulated for memory readout as a general implica-
tion of health history.

An active dual-redundant system was also considered. Because
the critical mission phase of descent is relatively short and
because lock-step, compare, and wait operations for error detection
were considered technically risky, this concept was rejected. How-
ever, the detailed analyses of both configuration and enhancement
concepts for the design provide a wealth of documented pertinent

results.
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Fault-Tolerant Digital Systems Study - Martin Marietta con-

tinuing interest in fault-tolerant aerospace digital systems is
reflected in this IR&D task., Initiated in 1970, topics ranging
from theoretical configurations and coverage to specific fail-safe
circuit designs have been tested.

This study evaluated the effect that existing fault-tolerant
systems and technologies have on cost effective aerospace data
systems. Two systems (JPL's STAR and the Bell Telephone ESS)
were described and compared. A reliable command link and fail-
safe logic techniques were described. Requirements for control
and conditioning logic were defined. An appendix includes
examples of reliable logic, memory, and power switching imple-
mentations.

Another valuable output of this task was Fault-Tolerant Com-

puting Technology Handbook.‘ The object was to accumulate diverse
experience that could be quickly reviewed and exploited. The
following information is included for each technique: level of
detail (system, component), application, description (verbal,
flow chart, mathematical, diagram), quantitative cost parameters,
limitations/constraints, specific capabilities, and pointers to
pertinent references.

Dual-Redundant (Pilot/Copilot) Computer Concept - Martin

Marietta has designed end patented a dual-redundant computer con-

~cept, It employs two complete processing systems, both active,

to provide a functional system. Under normal operation, one
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computer, called the pilpt, has conplete control, with the other,
called the copilot, performing only a monitoring or cross-check
function. Both the pilot and copilot accept the same inputs,
process the data in the same manner and, when both are functioning
properly, generate the same outputs. When the copilot monitoring
and cross-check function determines a malfunction, control is
passed to the copilot. The software and hardware developed for
this function will be of benefit in performing this study.

Redundant Aerospace Integrated Data Systems (RAIDS) - This

is a dual-redundant system, developed in an IR&D task, that per-
forms the functions required for guidance, navigation, flight con-
trol, telemetry data acquisition, malfunction detection, checkout,
and launch control for a launch vehicle. The system allows for
single, nonconcurrent failures in any subsystem without degrada-
tion of the mission. Sun sensor and actuator subsystems are triply
redundant with majority vote.

Autopilot Design and Computer Sizing Study (NAS12-2048) -

Analysis and design of the Titan III digital autopilot gains and
filters needed for vehicle stabilization led to a comprehensive
description of the software mechanism, including timing, sizing,

and 1/0 requirements.

Titan III Digital Autopilot (AF04(695)-150) - The Titan ITIC
autopilot software includes a set of malfunction-detection logic

that can identify errors and initiate corrective action. Path
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errors are detected and corrected by loop-check logic. The calcu-
lation and storage errors are detected and corrected by reasona-
bility checks, If either the engine command checks or the vehicle
motion checks are failed, the logic has the capability to ignore
one-time-only transients. Within 1 to 2 seconds the vehicle will
recover from any transient induced by a calculation error and the
resulting initialization process. The overall malfunction logic
requires 446 instructions and parameters, which is about 8% of the
total memory requirements.

Redundant Data Bus Systems (NAS8-27538) - A prototype quad-

redundant data terminal allows the system to meet the fail-opera-

tional, fail-safe criterion required by the Space Shuttle,
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